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Abstract 
Periodontal disease, also known as periodontitis, is a dental disease that is estimated to affect 2.4 
billion people worldwide. This disease is characterized by chronic inflammation and bleeding of 
gums, as well as loss of tooth bone density. Currently, treatments for the disease include dental 
surgeries and various types of antibiotics, but few are targeted specifically at the Red Complex 
bacteria which are strongly associated with chronic periodontitis. The Red Complex consists of 
three bacteria: Tannerella forsythia, Porphyromonas gingivalis and Treponema denticola. Each 
of these bacteria, are anaerobic oral pathogens that reside in the subgingival pocket adjacent to 
alveolar bone. As part of the mechanism of pathogenesis, these bacteria generate biofilms that 
are matrices that provide protection from the host immune system and antibiotics, allowing 
nutrient sequestering and bacterial growth. These biofilms, in turn, are recognized and attacked 
by the host’s immune system leading to further progression of the disease due to increased 
inflammation. Since these bacterial biofilms play such a key role in the progression of 
periodontitis, it is important to understand how the bacteria generate biofilms both individually 
and together, in a multiorganismal biofilm. This research involved a novel approach in the co-
culturing of the Red Complex bacteria in multiorganismal biofilms, statically, and then treating 
these bacteria and associated biofilms with various antimicrobials and anti-biofilm agents. It was 
established that the Red Complex multiorganismal biofilm consisted of predominantly P. 
gingivalis, followed by T. denticola and finally, T. forsythia statically and through molecular 
techniques. Treatment of Red Complex with sodium fluoride, sodium bicarbonate, hydrogen 
peroxide, sodium nitroprusside and Mirexus Compounds A, B and C statically, uncovered novel 
minimum inhibitory concentration (MIC) and minimum biofilm eradication concentration 
(MBEC) values, which could aid in developing novel preventative treatments for periodontal 
disease. The findings of this research indicated that, 100 µg/mL of sodium fluoride, 14 mg/mL of 
sodium bicarbonate and 0.05% (v/v) hydrogen peroxide, appeared to be both the MIC and 
MBEC values for treatment of the Red Complex. By quantifying the effects of the most effective 
treatments (100 µg/mL sodium fluoride, 14 mg/mL sodium bicarbonate and 0.075% (v/v) 
hydrogen peroxide) using molecular techniques, such as reverse-transcription quantitative-
polymerase chain reaction (RT-qPCR) and denaturing gradient gel electrophoresis (DGGE), a 
deepened understanding of the shifts in the structural profile of the Red Complex 
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multiorganismal biofilm was achieved. Ultimately, this research provided a more in depth 
understanding of the Red Complex bacteria, their growth and biofilm formation conditions and 
effective treatments that could be used to prevent the onset or progression of periodontal disease. 
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Chapter 1: Introduction 
1.1 Bacterial Biofilms  
Although some bacteria exist within a planktonic or free state, bacteria are often found 
encased within a matrix known as a biofilm (O’Toole et al., 2000; Petrova and Sauer, 2016). 
Biofilms are produced by bacteria that have irreversibly adhered to a surface (Figure 1.1a), 
formed microcolonies on this surface (Figure 1.1b) and begun excreting extracellular polymeric 
substances (EPS) like structural proteins and polysaccharides to form a protective coating around 
themselves (Figure 1.1c) (O’Toole et al., 2000; Almaguer-Flores, 2013; Petrova and Sauer, 
2016). Once a mature biofilm has formed (Figure 1c), planktonic cells or parts of the biofilm can 
break off the biofilm (Figure 1.1d) and attach to other surfaces (Petrova and Sauer, 2016). The 
biofilm itself acts as a means of protection for the bacteria from environmental stressors, such as 
antimicrobial agents, shear force and changes in pH (O’Toole et al., 2000; Petrova and Sauer, 
2016; Costerton, 1995). However, protection is not the only function of a biofilm. Bacteria often 
do not exist alone but require by-products from other bacterial metabolism in order to grow and 
proliferate. A biofilm provides a means in which nutrient sequestering and exchange can occur 
(O’Toole et al., 2000; Petrova and Sauer, 2016).  
Biofilms also provide a means for bacteria of differing genera to co-exist and act in 
synergy (Petrova and Sauer, 2016; Costerton, 1995; Sharma et al., 2005). For example, in a 
multiorganismal biofilm containing facultative anaerobes and strict anaerobes, an oxygen 
gradient is present where Fusobacterium nucleatum (facultative anaerobe) uses the oxygen in the 
biofilm, thus, which in turn allows Tannerella forsythia (strict anaerobe) to survive (Sharma et 
al., 2005). However, it is not just bacteria-bacteria interactions that occur within biofilms, 
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interactions with bacteria and the environment they are attached to also confer advantages 
(Davey and O’Toole, 2000). For example, a symbiosis exists between the roots of legumes and 
bacterial biofilms, such as those produced by Rhizobium spp. (Davey and O’Toole, 2000). This 
plant-bacterial association allows for the bacteria to utilize the carbon produced by the plant for 
growth, while the plant benefits from the nitrogen fixation of Rhizobium (Davey and O’Toole, 
2000). Another plant-bacterial association also exists with Pseudomonas fluorescens and the 
roots of tomato plants (Davey and O’Toole, 2000). 
 
Figure 1.1: Stages of Biofilm Formation  
a) Planktonic oral bacteria attach to a surface irreversibly, which in this case is the acquired 
pellicle made of glycoproteins found on the tooth surface. b) After initial attachment, many 
genera of bacteria colonize the tooth surface forming microcolonies and excretion of EPS occurs. 
c) EPS production continues as the multiorganismal biofilm matures. d) Planktonic cells or 
portions of the biofilm are dispersed from the mature biofilm, for attachment to other surfaces. 
Figure adapted from Almaguer-Flores (2013). 
 
Additionally, due to the unique metabolic requirements of different species of bacteria 
and metabolisms exhibited by different bacteria, the metabolic by-/end-products produced by one 
group of bacteria could be used as the substrate to support other complimentary metabolisms. An 
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example of this aspect of complimentary metabolisms is observed within the water column, 
where the photosynthetic purple sulfur bacterium Amoebobacter purpureus is found (Davey and 
O’Toole, 2000). A. purpureus is able to modulate its density within the water column, to produce 
metabolic by-products from photosynthesis that are beneficial for the growth other strictly 
anaerobic, organotrophic bacteria within the water column (Davey and O’Toole, 2000). 
Conversely, the metabolic by-/end-products of one group of bacteria could be detrimental 
to the growth of other bacteria or the host environment due to drastic changes in pH within the 
niche of the biofilm the bacteria are colonizing (O’Toole et al., 2000; Burne and Marquis, 2000; 
Takahashi, 2015). For example, within the oral microbiome, saccharolytic Actinobacteria break 
down dietary sugars that diffuse into supragingival biofilms, producing acid and ethanol as the 
by-products (Takahashi, 2015; Darveau et al., 1997). The acids that are produced by 
Actinobacteria can locally drop the pH within the biofilm, which allows for acidophilic bacteria, 
such as Firmicutes, to thrive (Takahashi, 2015). However, this same decrease in pH due to acid 
buildup within the oral cavity (as they diffuse from the biofilm) can cause the demineralization 
of tooth enamel; if not neutralized by nitrogenous compounds generated by oral proteolytic 
bacteria, such as Streptococcus gordonii and Porphyromonas gingivalis (Burne and Marquis, 
2000; Takahashi, 2015). Consequently, when tooth enamel is degraded due to acidification, 
dysbiosis of the oral microbiome can occur (Burne and Marquis, 2000; Hajishengallis, 2014). 
Dysbiosis is a diseased state of the host, in part resulting from a shift in the composition of the 
bacterial community inhibiting a particular host-associated habitat, such as the oral cavity or gut 
of a human host (Hajishengallis, 2014). A dysbiotic oral microbiome could lead to the 
development of dental caries and if caries are left untreated, eventually periodontal disease 
(Burne and Marquis, 2000; Hajishengallis, 2014).  
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Due to the adherent nature of biofilms, biofilms can be found in a variety of 
environments, such as water systems, soil and agriculture as previously mentioned (Davey and 
O’Toole, 2000; Bleich et al., 2015). Additionally, bacterial biofilms can be found on medical 
equipment (e.g., implants and catheters) or within human hosts, such as in the oral cavity, on 
skin, in the lungs and gastrointestinal and urinary tracts (Lopez et al., 2010; Costerton et al., 
1999; Gibbons, 1989). When bacterial biofilms are attached to surfaces that come in contact with 
human hosts, the biofilms are often linked to infections and disease (Lopez et al., 2010; 
Costerton et al., 1999). For example, while Staphylococcus aureus, Staphylococcus epidermidis 
and other skin microbes are able to form single-species biofilms on human skin that are 
beneficial to human health, if they enter the human host through a cut in the skin, they are able to 
cause infections like atopic eczema (Brandwein et al., 2016). While it is possible for single-
species biofilms to be involved in the onset of diseases, many bacterial infections involve 
multiple bacterial species, as is the case for periodontal disease (Darveau, 2010; Hajishengallis, 
2014; Lenz et al., 2016; Jamal et al., 2018). 
1.2 The Role of Biofilms in Periodontal Disease 
Another example of a bacterial biofilm-induced infection is the various stages of 
periodontal disease. Periodontal disease, also known as periodontitis, is a chronic inflammatory 
disease occurring in the oral cavity of humans (Darveau, 2010; Hajishengallis, 2014; Lenz et al., 
2016). As of 2015, periodontal disease has been estimated to affect 2.4 billion people worldwide 
in its many forms (Kassebaum et al., 2015). Periodontal disease is characterized by bacterially-
induced degradation of the periodontium, which includes alveolar bone and gingival tissue in the 
oral cavity (Darveau, 2010; Hajishengallis, 2014; Lenz et al., 2016). Periodontal disease starts 
out as a supragingival plaque on the surface of teeth, otherwise known as a dental plaque 
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(Takahashi, 2015). When plaque is left untreated, the bacteria within this supragingival plaque 
shift their metabolism from saccharolytic to proteolytic, causing for an increase in depth of the 
plaque and the formation of a subgingival biofilm (Takahashi, 2015). The increase in subgingival 
plaque leads to gingivitis, or bleeding of gum tissue and an initial immune response from the 
host (Darveau, 2010; Hajishengallis, 2014). 
At the onset of periodontal disease, a bacterial biofilm starts to extend into the periodontal 
pocket, which is located adjacent to alveolar bone and subgingival tissues (Darveau, 2010; 
Hajishengallis, 2014). This biofilm triggers the host’s immune system creating a state of 
dysbiosis, whereby, the bacterial biofilm is not affected by the immune system leading to chronic 
inflammation (Hajishengallis, 2014). Additionally, the dysbiotic state that is generated by the 
body leads to alveolar bone loss, which also leads to an increase in inflammation (Darveau, 2010; 
Hajishengallis, 2014). This increase in inflammation from alveolar bone loss occurs as a host 
immune response to the bacterial-induced leaching of calcium from the bone (Takahashi, 2015). 
Since chronic periodontal disease is an inflammatory disease there are many cytokines that 
accumulate within the oral tissues (Darveau, 2010; Hajishengallis, 2014). This accumulation of 
cytokines begins when immunological cells, such as macrophages, detect foreign antigens, 
eliciting an inflammatory response (Hajishengallis, 2014; Lenz et al., 2016; Darveau et al., 
1998). Macrophages then produce proinflammatory cytokines, such as interleukin 8 (IL-8) and 
tumour necrosis factor alpha (TNF-α) (Darveau et al., 1998; Bodet et al., 2006). IL-8 is a 
proinflammatory cytokine that is involved in neutrophil recruitment (Darveau, 2010; Lenz et al., 
2016; Darveau et al., 1998; Bodet et al., 2006). Neutrophils are one of the most abundant 
phagocytic cells released into the bloodstream during an inflammatory response therefore, it 
would be expected that they are associated with bacteria that cause inflammatory diseases 
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(Darveau, 2010; Hajishengallis, 2014). This is the case for Porphyromonas gingivalis, one 
bacteria that is strongly associated with periodontitis (Socransky et al., 1998). P. gingivalis 
strongly inhibits IL-8 and can evade the host immune system by decreasing the proinflammatory 
response (Darveau et al., 1998). 
The other proinflammatory cytokine, TNF-α, is also produced by macrophages in response to 
detection of foreign antigens within the microenvironment (Lenz et al., 2016). TNF-α is a 
cytokine that has been shown to be in increased levels when the Red Complex bacteria are 
present (Bodet et al., 2006). Thus, increased levels of TNF-α have been associated with 
periodontal bone loss and can be detected in saliva and gingival crevicular fluid (Singh et al., 
2014). In addition to being associated with periodontitis, increased levels of TNF-α also inhibit 
insulin transduction leading to insulin resistance (Singh et al., 2014).  Insulin resistance is one of 
the first signs of diabetes and diabetes is one of the diseases associated with chronic periodontitis 
(Lenz et al., 2016; Singh et al., 2014). 
Along with cytokines, nitric oxide (NO) is often released from the body in response to 
bacterial presence and helps to maintain a pro-inflammatory environment (Walker et al., 2018). 
NO is a reactive nitrogen species that is produced by endothelial cells during an immune 
response, causing vasodilation, which in turn, allows for the recruitment of more leukocytes 
(Walker et al., 2018).  In addition to its vasodilation-inducing ability, NO also acts to promote 
oxidative stress to bacteria present during an infection (Barraud et al., 2006). In a study looking 
for potential biofilm-dispersing agents that could be applied to Pseudomonas aeruginosa 
biofilms involved in cystic fibrosis, NO was found to be a potent biofilm dispersing agent 
(Barraud et al., 2006). However, some pathogenic bacteria, such as Salmonella enterica subsp. 
enterica Typhimurium and enterohemorrhagic Escherichia coli possess NO detoxification 
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systems so that they are able to persist in the human host, increasing their pathogenicity 
(Robinson et al., 2014). 
Due to the chronic inflammatory nature of periodontitis, there are many other associated 
diseases and conditions. This includes diabetes mellitus, rheumatoid arthritis, cardiovascular 
disease, cancer and adverse pregnancy outcomes (Lenz et al., 2016). Often these comorbid 
diseases and conditions are linked to a systemic pro-inflammatory state and with the wide scope 
of diseases associated with periodontitis, it is difficult to deduce causation. For example, 
hypertension is a pro-inflammatory disease, which could have many causes, such as existing 
cardiovascular disease, atherosclerotic plaque buildup, in addition to other associated conditions 
(Leong et al, 2014). Hypertension can be found in patients with periodontitis, but the order of 
causation is not easily determined (Leong et al, 2014). However, periodontal disease has a strong 
microbial association, whereas, hypertension and other comorbid diseases and conditions do not 
(Darveau, 2010; Hajishengallis, 2014; Leong et al, 2014). Therefore, it is important to gain a 
better understanding of the microbial implications of the disease in order to develop better, more 
targeted treatment options for the disease.   
Current treatments for periodontitis include root scaling periodontal surgery, traditional 
antibiotic therapies such as amoxicillin administration and various antimicrobial compounds, 
such as sodium bicarbonate and hydrogen peroxide for topical application (Socransky et al., 
2013; Zambon et al., 1996; Gawande et al., 2008; Silhacek and Taake, 2005; Allaker and 
Douglas, 2009). However, few therapies specifically target the bacteria most strongly associated 
with chronic periodontitis, such as P. gingivalis, Treponema denticola and Tannerella forsythia 
(Socransky et al., 1998). 
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1.3 Bacteria Associated with Periodontal Disease 
In 1998, Socransky and colleagues studied dental plaques at varying depths within the 
periodontal pocket to categorize microorganisms based on their interactions (Socransky et al., 
1998). These interactions included associations with subgingival depth and relationships between 
microorganisms within the periodontal pocket (Socransky et al., 1998). Microorganisms with the 
strongest associations (using cluster analysis) were grouped into colour-coded microbial 
complexes based on the incidence of the interactions (refer to Figure 1.2) (Socransky et al., 
1998).  
Within the oral microbiome, there are six main phyla: Firmicutes, Bacteroidetes, 
Fusobacteria, Spirochaetes, Proteobacteria and Actinobacteria (Dewhirst et al., 2010). Many of 
these phyla contain pathogens that are associated with the microbial complexes of periodontal 
disease. For example, in the phylum Firmicutes are the Peptostreptococcus and Streptococcus 
species, which are part of the Purple and Yellow Complexes, respectively (Dewhirst et al., 2010; 
Socransky et al., 1998). Furthermore, the Orange Complex contains bacteria from the phylum 
Fusobacteria, the Green Complex contains bacteria from the phyla Actinobacteria and 
Proteobacteria (Dewhirst et al., 2010; Socransky et al., 1998). Finally, the Red Complex is in the 
deepest part of the periodontal pocket and is strongly associated with chronic periodontitis 
(Socransky et al., 1998). The Red Complex is composed of three strict anaerobic bacteria: T. 
denticola, T. forsythia and P. gingivalis (Socransky et al., 1998). Recently, a genome of a novel 
periodontal pathogen, associated with the Red Complex and periodontal disease has been 
discovered through bioinformatic analysis (Torres et al, 2019). This novel pathogen is 
Candidatus Bacteroides periocalifornicus (CBP) and it is proposed to be ubiquitous in dental 
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plaque; although, there is a lack of culture-based work to support the in silico association (Torres 
et al., 2019).  
 
         
Figure 1.2: Microbial Subgingival Complexes  
Microbial complexes established through use of cluster analysis relating bacterial associations 
and location within the subgingival pocket. The Purple Complex is located within the 
subgingival pocket closest to the tooth surface and each subsequent complex is associated with 
increased gingival depth, where the Red Complex is located within the deepest region of the 
subgingival pocket. Figure adapted using Socransky et al. (1998). 
 
Each microbial complex contains bacteria whose roles interplay with each other to lead to 
the furtherance of periodontal disease. In Figure 1.2, the Purple Complex is closest to the tooth 
surface and the Red Complex is the deepest in the subgingival pocket. It is important to note that 
all bacteria within these microbial complexes are either facultative anaerobes (Purple-Orange 
Complexes) or strict anaerobes (Red Complex) (Socransky et al., 1998). This means that there 
must be many gradients present; oxygen, nutrient and pH in order to allow for the progression of 
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periodontal disease. As an example, the Streptococcus species within the Yellow complex have 
been found to act as scaffolding bacteria upon which bacteria at increasing depth (Orange and 
Red Complexes) can adhere (Avila et al., 2009; Larsen and Fiehn, 2017).  
Additionally, Fusobacterium nucleatum in the Orange Complex, is considered a “bridge 
bacterium” that allows for the proliferation of the strict anaerobic bacteria in the Red Complex 
by enabling bacterial co-aggregation with members of the Red Complex and other oral bacteria 
(Sharma et al., 2005). 
1.3.1 The Red Complex: Porphyromonas gingivalis 
Within the Porphyromonas genus there are 12 species of bacteria that can be found in the 
epithelia, mucosa and calcified hard tissues of the oral cavities in humans, dogs, cats and 
primates (Gibson and Attardo Genco, 2006). These bacteria are asaccharolytic, aerotolerant 
anaerobes, that are non-spore forming, non-motile coccobacilli as depicted in Figure 1.3 (Lenz et 
al., 2016; Gibson and Attardo Genco, 2006). P. gingivalis is the species within the 
Porphyromonas genus that is found within the Red Complex (Lenz et al., 2016; Socransky et al., 
1998; Gibson and Attardo Genco, 2006). P. gingivalis has proteolytic ability, which allows for 
the enzymatic breakdown of host proteinase inhibitors, immunoglobulins, iron-containing 
proteins, bactericidal proteins, extracellular matrix (ECM) proteins and phagocytic proteins 
(Gibson and Attardo Genco, 2006). It is the proteolytic ability of P. gingivalis which makes it an 
effective pathogen as it is able to degrade and utilize host molecules made during an immune 
response (Gibson and Attardo Genco, 2006). 
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Figure 1.3: Scanning Electron Microscopy Image of the Co-cultured Red Complex Bacteria 
False coloured SEM image depicting the Red Complex bacteria in co-culture with P. gingivalis 
(pink coccobacilli), T. denticola (blue spirochetes) and T. forsythia (orange bacilli) at 24000X. 
SEM performed at the Molecular and Cellular Imaging Facility (University of Guelph, Guelph, 
ON) with C. Bartlett, MSc and false colouration done by T. Brenner, MSc. 
 
There are many virulence factors that P. gingivalis uses in order to evade the host's 
immune system, such as a capsule, fimbriae, LPS, outer membrane proteins, and cysteine 
proteinases (Gibson and Attardo Genco, 2006). P. gingivalis also secretes cysteine proteinases, 
which provide an advantage for survival and growth by utilizing host proteins for metabolism 
(Gibson and Attardo Genco, 2006). Another virulence factor that aids in the pathogenicity of P. 
gingivalis is hemolytic ability via the production of hemolytic toxins (Hoshi et al., 1993). The 
hemolytic toxins and hemagglutinins that P. gingivalis produces all aid in the extraction of iron-
rich hemin from host erythrocytes (Hoshi et al., 1993; Gibson and Attardo Genco, 2006). As 
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previously noted, one of the manifestations of chronic periodontitis, even in the initial stages is 
gingival bleeding (Darveau, 2010; Hajishengallis, 2014). Thus, P. gingivalis is able to thrive and 
promote the progression of periodontal disease since there is an abundance of hemin available to 
aid in growth, metabolism and pathogenicity (Gibson and Attardo Genco, 2006).  In order for P. 
gingivalis to attach to the host via peritrichous fimbriae, it takes advantage of saliva-coated 
hydroxyapatite particles from the hosts’ tooth (Gibson and Attardo Genco, 2006). 
Recently, P. gingivalis has been implicated in the pathophysiology related to Alzheimer’s 
disease (AD) (Pritchard et al., 2017). In patients with AD where P. gingivalis was present, it was 
found that there was an increase in β-amyloid plaques; one of the trademarks of severe AD 
characterized by the loss of mental function (Pritchard et al., 2017). The increase in β-amyloid 
plaques is thought to be because of the ability of P. gingivalis to indirectly activate β-secretases 
via suppression of IL-2, leading to the increase of β-amyloid plaque formation (Pritchard et al., 
2017). 
1.3.2 The Red Complex: Treponema denticola 
The Treponema genus is characterized as helically coiled, spirochete bacterial cells  (as 
depicted in Figure 1.3) which possess periplasmic flagella attached to the peptidoglycan and 
cytoplasmic membrane in a complex (Sela, 2001). The hosts for the Treponema genus vary; they 
can be found in domesticated animals, such as dogs and cattle but are also found in humans 
(Sela, 2001). Within the genus there are both pathogenic and non-pathogenic bacterial species. 
Treponema pallidum subsp. pallidum is responsible for venereal syphilis, a very invasive form of 
syphilis, which is transmitted between human hosts by sexual contact (Sela, 2001; Dashper  et 
al., 2011). This is most commonly treated with β-lactam antibiotics such as penicillin (Sela, 
2001; Dashper  et al., 2011). Subsp. pertenue is responsible for yaws while subsp. endemicum is 
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responsible for endemic syphilis; both are transmitted via nonvenereal contact (Sela, 2001). In 
addition to Treponema pallidum, Treponema carateum causes pinta; a cutaneous disease, which 
is also spread through nonvenereal contact (Sela, 2001). Also, there are non-pathogenic strains of 
Treponema found within the gut microbiome and genital tracts of humans (Sela, 2001).  
The Red Complex bacterium T. denticola is unlike many other Gram negatives in that it 
does not possess lipopolysaccharides (LPS) (Dashper  et al., 2011). Instead T. denticola 
possesses lipooligosaccharides (LOS), which are functionally similar to LPS and are recognized 
by the host immune system, triggering inflammation (Dashper  et al., 2011). T. denticola is often 
found within the multiorganismal Red Complex biofilm near the epithelial cells that line the 
subgingival pocket (Dashper  et al., 2011). It is there in the subgingival pocket that T. denticola 
uses the virulence factor dentilisin to burst open epithelial cells, causing damage to the gingival 
tissue (Dashper  et al., 2011; Sela, 2001). Dentilisin is a protease that is able to modulate the host 
immune response and disrupt cell-cell adhesion proteins (Dashper  et al., 2011).  T. denticola is 
also similar to P. gingivalis in that they are highly proteolytic and hemolytic and have been 
proposed to work synergistically to degrade fibrinogen (Dashper  et al., 2011; Bamford et al., 
2007). The degradation of fibrinogen leads to the inabilty of the host to thrombose, leading to 
increased gingival bleeding, inflammation and the furtherance of periodontal disease (Dashper  
et al., 2011; Bamford et al., 2007). 
1.3.3 The Red Complex: Tannerella forsythia 
The Tannerella genus currently consists of a single species, Tannerella forsythia (Narita 
et al., 2014; Honma et al., 2009). T. forsythia is a rod-shaped (as depicted in Figure 1.3), Gram 
negative bacterium that is strictly anaerobic (Narita et al., 2014; Honma et al., 2009. A strategy 
for the invasion of host gingival epithelial tissues via sialic acid has been proposed, although, 
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there is not an abundance of research to support this concept (Narita et al., 2014; Posch et al., 
2012). T. forsythia also has been found to have cytopathic effects, where protein factors 
produced by T. forsythia were able to disrupt cell-cell adhesions and have been proposed to be a 
factor in the degradation of subgingival periodontal tissues such as alveolar bone (Nakajima et 
al., 2006).  
One virulence factor that T. forsythia possesses is the surface layer or S-layer that encases 
the bacterial cell (Posch et al., 2012; Friedrich et al., 2015). This acts as a barrier against 
antibiotics and host immune cells, consequently allowing T. forsythia to persist in the periodontal 
pocket of the host (Posch et al., 2012). Another virulence factor that T. forsythia posesses is 
glycosidic activity (Sharma, 2010). As an asaccharolytic bacteria, it is interesting that T. 
forsythia expresses several glycosidases (Sharma, 2010). However, the ability to cleave 
oligosaccharides could decrease the structural intregrity of the subgingival tissues leading to the 
progression of periodontitis (Sharma, 2010). Also, the cleavage of oligosaccharides could 
provide a nutrient source for other bacteria within the multiorganismal biofilm, leading to the 
furtherance of periodontal disease (Sharma, 2010). 
1.4 Current Prevention and Treatment Methods for Periodontal Disease 
 As previously mentioned, current treatments for periodontal disease include antibiotic 
administration, which contributes to concern regarding increasing resistance to antibiotics, and 
dental surgery where the lack of availability worldwide and cost are of major concern (Shaddox 
and Walker, 2010; Wexler, 2007). Since periodontal disease affects such a large proportion of 
the population, about one third of the US population and 2.4 billion people worldwide, there is a 
need for increased investigation into new treatment options (Shaddox and Walker, 2010; 
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Kassebaum et al., 2015). Additionally, due to the complex nature of periodontitis and the 
contributing comorbid conditions, treatment of periodontitis can be very complex. 
 There has been a drive within the dental community to establish preventative measures 
through the use of oral hygiene products, such as mouthwashes and toothpastes with 
antimicrobial properties (Leszczynska et al., 2011; Silhacek and Taake, 2005; Allaker and 
Douglas, 2009). These oral hygiene products also offer a topical, non-invasive treatment option, 
which is often considered advantageous (Leszczynska et al., 2011; Allaker and Douglas, 2009). 
Examples of potentially antimicrobial compounds within oral hygiene products are fluoride, 
sodium bicarbonate and hydrogen peroxide (Mandell, 1983; Thurnheer and Belibasakis, 2018; 
Bhawal et al., 2015; Corral et al., 1988; Boateng et al., 2011; Hasturk et al., 2004). 
Fluoride is a common antimicrobial agent that has been used in the treatment of dental 
caries for many years (Mandell, 1983; Thurnheer and Belibasakis, 2018). Fluoride is often in the 
salt form, sodium fluoride (NaF) and is administered topically or in oral mouthwashes and 
toothpastes (Mandell, 1983; Thurnheer and Belibasakis, 2018; Bhawal et al., 2015). NaF has 
been found to have antimicrobial effects on the oral streptococci, Streptococcus mutans, found to 
be directly involved in the development of dental caries and tooth decay (Mandell, 1983; 
Thurnheer and Belibasakis, 2018). Fluoride not only acts as an antimicrobial, with a mechanism 
of action still to be determined, but it also acts as an anti-plaque or anti-biofilm agent, by 
preventing deminalization of hydroxyapeitite (tooth enamel mineral) via decreases in pH by 
acidogenic oral bacteria such as S. mutans (Thurnheer and Belibasakis, 2018; Kanduti et al., 
2016). Although the mechanism of action of fluoride is still under investigation, it is proposed to 
have antimicrobial action by inhibiting glycolytic enzymes and lowering cytoplasmic pH 
(Kanduti et al., 2016). Fluoride has also been found to be effective in controlling and preventing 
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the P. gingivalis-induced loss of alveolar bone due to the action of fluoride to promote osteoblast 
formation in vivo and in vitro, counter-acting the osteoclastogenesis, which P. gingivalis induces 
(Bhawal et al., 2015). 
Sodium bicarbonate (NaHCO3) is the active ingredient in baking soda and is commonly 
used in toothpastes to provide the abrasion needed to remove dental plaque from teeth; thus 
preventing caries (Silhacek and Taake, 2005). Sodium bicarbonate works via buffering action 
where it raises the pH in supragingival plaques from 4.5-5.5 to near neutral pH (Silhacek and 
Taake, 2005). By neutralizing the pH in supraginigval plaque, sodium bicarbonate counteracts 
the acid production by pathogenic saccharolytic bacteria such as S. mutans (Silhacek and Taake, 
2005). Sodium bicarbonate has also been found in vitro to have antimicrobial and anti-biofilm 
properties against many bacteria, such as S. aureus, E. coli, P. aeruginosa and S. mutans  (Corral 
et al., 1988; Silhacek and Taake, 2005). Sodium bicarbonate concentrations can be as high as 
67% (w/v) in topical treatments and have been found to be effective in preventing and treating 
gingival bleeding associated with gingivitis and periodontal disease (Lomax et al., 2017). Often, 
sodium bicarbonate is used in a combinatorial treatment approach, usually with hydrogen 
peroxide or other antimicrobials (Gawande et al., 2008; Silhacek and Taake, 2005). Together, 
hydrogen peroxide and sodium bicarbonate have been found to be effective antimicrobial agents 
against S. mutans, but have yet to be tested with strict anaerobic bacteria such as the Red 
Complex bacteria (Silhacek and Taake, 2005).  
Hydrogen peroxide (H2O2) is commonly used in oral rinses and toothpastes and is known 
for its teeth whitening and antimicrobial/antiseptic abilities (Boateng et al., 2011; Hasturk  et al., 
2004). Exogenous hydrogen peroxide, is often used in combination with other antimicrobials at 
concentrations around or lower than 3% (v/v) and is effective at killing bacteria, such as E. coli, 
Sidney Nechacov 
Factors Affecting Biofilm Formation in Red Complex Bacteria 
17 
 
P. aeruginosa, B. subtilis, S. aureus and other oral streptococci in vitro (Boateng et al., 2011; 
Thomas et al., 1994). Endogenous hydrogen peroxide is a reactive oxygen species that is also 
one of the reactive oxygen intermediates generated by polymorphonuclear leukocytes 
(neutrophils, basophils, eosinophils) as part of the host innate immune response (Clifford and 
Repine, 1982). Hydrogen peroxide has also been found to be effective in reducing supragingvial 
plaque, gingival bleeding and other factors associated with the various stages of periodontal 
disease in vivo (Wennstrom and Linde, 1979; Putt and Proskin, 2013). 
1.5 Research Need 
When considering what is known about bacterial biofilms and their relationship to 
disease-causing potential, there is still much to learn about their direct association with 
pathogenicity. More specifically, previous research has drawn an association between the Red 
Complex and periodontal disease (Darveau, 2010; Hajishengallis, 2014; Lenz et al., 2016; 
Socransky et al., 2013; Darveau et al., 1998; Bodet et al., 2006; Socransky et al., 1998; Sela, 
2001; Zainal-abidin, 2012). However, little is understood with respect to how the Red Complex 
bacterial biofilm contributes to the onset and progression of periodontal disease. A better 
understanding of the associations and triggers of Red Complex biofilm formation and the role of 
each member of the community within a multiorganismal biofilm, is necessary for a deepened 
understanding of the disease mechanism.  
Additionally, although some research has been performed to elucidate specific proteins or 
genes involved in the virulence of each of the Red Complex bacteria, there is a need to better 
understand the way that these organisms interact as a part of a complex multiorganismal 
subgingival community (Zainal-abidin, 2012; Posch et al., 2012). Some qPCR analysis has been 
performed to understand the structural profile of the multiorganismal Red Complex biofilm, but 
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more research should be done to validate the findings (Zainal-abidin, 2012). Establishing the 
structural community fingerprint of oral pathogens, through DGGE analysis, has been done using 
saliva of patients with dental caries, however, only oral streptococci were analyzed from the 
saliva sample rather than the entire community (Yang et al., 2018).  
There is also a need to better identify antimicrobial and anti-biofilm agents, that could be 
used to more specifically target and disrupt Red Complex bacterial biofilms and to quantify the 
resulting shift in the community profile. With the increasing predominance of periodontal 
disease and the growing concern around antibiotic resistant bacteria, novel treatments need to be 
established for treating periodontal disease and specifically deep tissue colonizers, such as the 
Red Complex bacteria (Kassebaum et al., 2015; Wexler, 2007). 
1.5.1 Research Question and Hypothesis 
Due to the need to better understand the Red Complex bacteria and the involvement of 
their biofilm in the onset and progression of periodontal disease, the following research question 
was investigated: Can the Red Complex bacteria be assessed in an indirect manner such that 
novel findings about factors influencing biofilm formation, such as inflammation, oxidative 
stress and pH be exploited to better understand and treat chronic periodontitis in a more targeted 
fashion?  
In conjunction with this research question,  I hypothesized, that if one member of the Red 
Complex is eliminated from the multiorganismal biofilm (due to treatment with antimicrobials), 
the remaining two microorganisms in the Red Complex would be impacted in such a way that is 
detrimental to the formation of biofilm, leading to novel treatments for chronic periodontitis. 
 
Sidney Nechacov 
Factors Affecting Biofilm Formation in Red Complex Bacteria 
19 
 
1.5.2 Research Objectives 
In order to test the hypothesis stated above, the following three specific objectives were 
proposed: 
1. Establish and optimize growth conditions such that Red Complex multiorganismal 
biofilms can be generated and analyzed. 
2. Analyze and quantify biofilms generated to establish ratios of each member relative to 
the Red Complex within the multiorganismal biofilm and provide baseline profile data 
for further data comparison. 
3. Treat Red Complex bacterial biofilms with antimicrobial and anti-biofilm agents that 
indirectly address factors of biofilm formation, such as inflammation, oxidative stress 
and pH. Quantify any of the resulting shifts in the structural community profile in 
response to treatment, in order to establish novel treatments and/or preventative 
compounds toward the onset of periodontal disease.  
 
Chapter 2: Experimental Approach and Methodologies 
2.1 Experimental Approach 
To address each of the research objectives, various methodologies and techniques were 
used (Figure 2.1). Both culture-based and molecular-based techniques were used to complete 
each objective and collect novel information, providing a more comprehensive understanding of 
the Red Complex bacteria. Many of the techniques performed address multiple research 
objectives such as static biofilm assays, which were used to accomplish all three objectives, and 
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denaturing gradient gel electrophoresis (DGGE) and reverse-transcription quantitative-
polymerase chain reaction (RT-qPCR) used to achieve objectives two and three (Figure 2.1). 
 
 
Figure 2.1: Experimental Approach Flowchart 
Experimental approach outlined and arranged by research objective and major technique(s) 
performed to accomplish each objective. 
 
2.2 Chemicals and Reagents Utilized for Experimentation 
Potassium phosphate monobasic used in making PBS was purchased from Anachemia 
Sciences (Mississauga, ON). Bacto brain heart infusion used for media preparation was from 
Becton, Dickinson Company (Mississauga, ON). Media components such as L-ascorbic acid, 
sodium pyruvate, sodium thioglycolate, tryptone and yeast powder as well as other reagents; 
crystal violet, glycerol and hydrogen peroxide, were purchased from BioBasic (Markham, ON). 
Other media components such as L-asparagine and D-glucose were purchased from Bioshop 
Objective Three: Treatment and Quantification of Biofilm
Static Biofilm Assay RT-qPCR DGGE
Objective Two: Analysis and Quantification of Biofilm
Static Biofilm Assay RT-qPCR DGGE
Objective One: Bacterial Growth
Growth of Bacteria in OBGM Static Biofilm Assay
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(Burlington, ON). Sodium fluoride used as a treatment was purchased from Matheson Coleman 
and Bell (Norwood, OH). Additional media components such as N-acetylmuramic acid, 
ammonium sulfate, hemin from bovine, isobutyric acid, menadione, methylbutyric acid, rabbit 
serum, thiamine pyrophosphate and valeric acid and sodium phosphate dibasic for PBS were 
from MilliporeSigma (Burlington, ON). Finally, acetic acid, L-cysteine hydrochloride 
monohydrate, ethidium bromide (1% (w/v)), potassium chloride, sodium bicarbonate and sodium 
chloride were purchased from Thermo Fisher Scientific (Nepean, ON). 
2.3 Optimal Conditions for Multiorganismal Growth Allowing for Biofilm Formation 
2.3.1 Bacterial Storage and Growth Conditions 
Treponema denticola ATCC 35405®, and Tannerella forsythia ATCC® 43037 bacterial 
strains were obtained from the American Type Culture Collection (ATCC; Manassas, VA). 
Porphyromonas gingivalis (pg F0185) was obtained from BEI Resources (BEI Resources; 
Manassas, VA). All bacterial strains were kept in 25% (v/v) glycerol and stored in the Thermo 
Scientific™ Forma™ Series -86 °C upright ultra-low temperature freezer (Thermo Fisher 
Scientific) set at -80 °C. 
All three Red Complex bacteria were grown individually in oral bacteria growth medium 
(OBGM) (Orth et al., 2009).  OBGM contained brain heart infusion (12.5 g/L), trypticase (10 
g/L), yeast extract (7.5 g/L), sodium thioglycolate (0.5 g/L), asparagine (0.25 g/L), sodium 
bicarbonate (2 g/L), D-glucose (2 g/L), ascorbic acid (2 g/L), pyruvic acid (1 g/L), sodium 
chloride (2 g/L), ammonium sulfate (2 g/L), thiamine pyrophosphate (6 mg/L), hemin (5 mg/L) 
and menadione (1 mg/L). Medium is supplemented with L-cysteine (1 g/L), heat inactivated 
rabbit serum (5% (v/v)), volatile fatty acid mix (0.5 % (v/v)) (0.1 M KOH containing isovaleric 
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acid (0.5% (v/v)), isobutyric acid (0.5% (v/v)), valeric acid (0.5% (v/v)) and methylbutyric acid 
(0.5% v/v)), and N-acetylmuramic acid (0.1 g/L). Each bacterium was inoculated into a screwcap 
glass test tube containing 10 mL of OBGM at an inoculum of 1% (v/v) within the Bactron II 
Anaerobic Chamber (Cambridge Environmental Products Inc, Kamoka, ON) with anaerobic gas 
mixture consisting of 90% N2, 5% H2 and 5% CO2. Bacterial cultures were incubated at 37 °C 
within the anaerobic chamber incubators. All organisms were grown until they were in the early 
exponential phase, T. forsythia was grown for 5 d, T. denticola was grown for 3-4 d and P. 
gingivalis was grown for 2 d, prior to experimentation. Early exponential phase for each Red 
Complex bacterium was established by the research technician Christopher Bartlett via the 
generation of growth curves for each organism. Analysis of the generated growth curves allowed 
for early exponential phase to be assessed through the use of optical density as a measure of 
bacterial growth. Refer to Appendix A1.  
2.3.1.1 Further Assessment of the Metabolic Requirements of the Red Complex 
To better understand specific metabolites that fastidious Red Complex bacteria use to 
grow and generate biofilms, allowing for the generation of a functional profile of the Red 
Complex, Community-Level Physiological profiling was attempted. Refer to Appendix A2. 
2.3.2 Analysis of Bacterial Growth and Biofilm Formation 
In order to assess Red Complex bacterial growth and subsequent biofilm formation, both 
individually and within the multiorganismal complex, static biofilm assays were employed. The 
static biofilm assay used was adapted from protocols established by O’Toole and Kolter (1998), 
which provided the standard method of static biofilm assays and Narita et al. (2014), which was 
adapted to assess the biofilm of T. forsythia, one of the Red Complex bacteria.  
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Dynamic biofilm assays were developed de novo with the help of Bryan Haines, PhD, 
Global Director, Bioflux Sales and Support from Fluxion Biosciences, Inc. and Christopher 
Bartlett, MSc, Research Technician from Wilfrid Laurier University. Dynamic biofilm assays 
provided a way to generate physiologically relevant conditions for Red Complex bacteria to 
grow and form biofilms, under anaerobic conditions in the presence of shear force. Although the 
protocol for creating these physiologically relevant conditions was established, dynamic assays 
were not pursued further in this work. Refer to Appendix A3 for the optimized dynamic biofilm 
assay that could be used for future research focusing on generating Red Complex bacterial 
biofilms and treatment with antimicrobial/anti-biofilm agents used in this research. 
2.3.2.1 Static Red Complex Bacterial Assays Assessing Growth and Biofilm Formation 
Ability 
Static biofilm assays were carried out anaerobically, in round-bottom 96-well microtiter 
plates (Sarstedt; Nümbrecht, Germany). Initially, the growth of each Red Complex bacterium in 
OBGM was being optimized and many trials of static assays were performed to establish the 
proper dilution of each bacterium to use as an inoculum. These trials also included testing 
different microtiter plates from Falcon®, Nunc® and Sarstedt® to assess which was optimal for 
growth, attachment and biofilm formation and attachment and trials extending over multiple 
days, ranging between 1-14 d. Additionally, each Red Complex bacterium was assayed 
individually and together in the multiorganismal complex, to assess growth and biofilm 
formation in OBGM. Once the assay was optimized for growth of the Red Complex bacteria in 
the multiorganismal state, only the entire complex (all three organisms together) was used as 
inoculum for downstream treatment and experimentation.  
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The optimized static biofilm assay is as follows, each Red Complex bacterium was 
inoculated into OBGM and grown to early exponential phase, as previously stated. Once grown 
to early exponential phase, the optical density (OD) of the bacterial cultures was taken at 600 nm 
using a Biochrom Novaspec III spectrophotometer (Biochrom Ltd, Cambridge, UK) within the 
anaerobic chamber. A common wavelength used to assess relative bacterial growth is 600 nm 
since the concentration of bacterial cells increases as the OD increases (McBirney et al., 2016). 
Each bacterial culture was diluted in OBGM based on relative density in order to standardize the 
OD of the inoculum for the assay. T. forsythia was diluted 1:5 since it often grew to the lowest 
OD, compared to T. denticola, which grew to moderate OD and was diluted 1:10 and P. 
gingivalis, which grew to the highest OD and was diluted 1:100 (refer to values in Table 2.1). 
The estimated ranges of bacterial growth and biofilm formation were found experimentally in 
this research and by research technicians Christopher Bartlett and Thomas Brenner, and were 
summarized in Table 2.1 (refer to Appendix A1 for initial growth curves and sample growth and 
biofilm data). 
Table 2.1: Estimated ranges of Red Complex bacterial growth and biofilm formation partially 
based on data generated spectrophotometrically from growth curves and initial biofilm assays 
done by C. Bartlett and T. Brenner 
 Degree of Growth (OD600 nm) Degree of Biofilm Formed (A600 nm) 
Low Moderate High Low Moderate High 
P. gingivalis < 0.6 0.6-1.5 > 1.5 < 0.8 0.8-2.5 > 2.5 
T. denticola < 0.2 0.2-0.8 > 0.8 < 0.2 0.2-1.5 > 1.5 
T. forsythia < 0.2 0.2-0.8 > 0.8 < 0.2 0.2-1.5 > 1.5 
Red 
Complex (P. 
gingivalis, T. 
denticola, T. 
forsythia) 
< 0.6 0.6-1.5 > 1.5 < 1 1-2.5 > 2.5 
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Next, the Red Complex bacterial suspensions were mixed in equal proportion (1:1:1) to 
allow bacterial growth and formation of biofilm to occur in a multiorganismal state. A total 
volume of 250 µL of Red Complex bacterial mixture was inoculated into experimental wells, in 
replicates of six. A negative control, OBGM without the addition of any bacteria, was also 
inoculated in sextuplicate. Sterile deionized water (250 µL) was added to the perimeter wells of 
the microtiter plate to limit evaporation of inoculum during incubation. Plates were sealed with 
parafilm, placed in a water bath to limit evaporation and incubated anaerobically at 37 °C for up 
to 5 d.  
At the designated time for each assay, a plate was removed from the anaerobic chamber 
and the OD600 was taken using a plate reading spectrophotometer (BioTek Cytation 5 Cell 
Imaging Multi-Mode Reader using the gen5 program, BioTek Instruments Inc, Winooski, VT) to 
assess bacterial growth. The supernatant containing planktonic cells was removed from each well 
and the biofilm was washed twice with 250 µL of 1X Phosphate Buffered Saline (PBS contained 
8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4, pH 7.4), leaving only bacterial biofilm 
that has adhered to the microtiter plate. The biofilms were then stained with 100 µL of 0.1% 
(w/v) crystal violet for 15 min. Following staining, excess stain was washed from the wells using 
200 µL of deionized water. The plate was dried for 18-36 hrs and then 200 µL of 30% (v/v) 
acetic acid was added to all experimental wells and mixed. An absorbance reading of the plate 
was done at 600 nm using a plate reading spectrophotometer (BioTek Cytation 5 Cell Imaging 
Multi-Mode Reader using the gen5 program). This method allowed for the amount of bacterial 
biofilm to be estimated where high absorbance readings indicate an increased amount of biofilm 
formation and low absorbance readings indicate decreased amount of biofilm formation. 
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2.3.2.2 Testing the Effect of Treatment on Red Complex Bacterial Growth and Biofilm 
Formation Ability 
The static assay described above to assess Red Complex bacterial growth and biofilm 
formation, was utilized to assess the effects of treatment on these two factors. In each assay, the 
biological control (denoted ‘control’ in Chapters 3-5) was Red Complex bacteria that did not 
receive treatment and the negative control was uninoculated OGBM. Treatment assays were run 
for 1-5 d to assess the effects of the treatment on Red Complex bacteria growth and biofilm 
formation. After the treatment was tested on Red Complex planktonic bacteria, based on their 
biofilm profile and the day at which the most mature biofilm was observed experimentally 
(either after 3 or 5 days), treatments were applied to biofilms and their dispersal effects were 
assessed for up to 48 h, in the same manner as noted above. 
Any solid compounds tested on Red Complex bacteria and their biofilms, were dissolved 
in deionized water, then the solution was filter-sterilized with a 0.2 µm filter (83.1826.001 
Filtropur S 0.2, Sarstedt) and allowed to deoxygenate under anaerobic conditions for 18-24 h 
prior to use. Hydrogen peroxide 30% (v/v) was diluted with deionized water, then filter sterilized 
and allowed to deoxygenate in the same manner as the solid compounds. 
Treatments were selected based on their clinical relevance to current preventative 
treatments for periodontal disease such as compounds found within toothpastes and 
mouthwashes. Treatments tested found within common oral hygiene products include, sodium 
fluoride, sodium bicarbonate and hydrogen peroxide. Other treatments tested include sodium 
nitroprusside; a common medication for patients with hypertension (Tinker and Michenfelder, 
1976) and three compounds from Mirexus, Inc. 
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In addition to testing the effects of single treatments on Red Complex bacteria and their 
biofilms, one combinatorial treatment approach was tested. In this treatment assay a 
checkerboard of increasing concentrations of NaF (5, 10, 25, 35, 50, 75, 100 ad 150 µg/mL) and 
compound B from Mirexus, Inc. (100, 250, 500, 1000, 3000, 5000 µg/mL) were applied to Red 
Complex bacteria to see the effects on growth and biofilm formation (refer to Appendix A5). 
This type of checkerboard treatment assay was only attempted once and would need to be 
replicated in order to validate the results found. 
2.4 Quantification-based Molecular Techniques for Red Complex Bacterial Biofilms 
 2.4.1 Reverse-Transcription Quantitative-Polymerase Chain Reaction 
Reverse-transcription quantitative-polymerase chain reaction (RT-qPCR) was a 
molecular technique used to quantify the relative abundance of each Red Complex bacterium 
within the multiorganismal complex, both before and after treatment with antimicrobials. RT-
qPCR is performed in many stages, the first of which is to generate standard curves for each Red 
Complex bacterium. The standard curves generated allows for number of gene copies per mL, 
for each organism to be known for unknowns, such as treatments. Standard curves can also be 
helpful in establishing baseline ratios of Red Complex bacteria (P. gingivalis: T. denticola: T. 
forsythia) within the multiorganismal biofilm, both before and after treatment with 
antimicrobials. 
The first step in the generation of a standard curve for each of the Red Complex bacteria 
(P. gingivalis, T. denticola and T. forsythia) is DNA extraction. DNA was extracted from each of 
the Red Complex bacteria after they were inoculated and grown for the amount of time 
acceptable for experimentation (refer to growth conditions in section 2.3.1). DNA extraction was 
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done using the DNeasy® PowerSoil® Kit by Qiagen (Hilden, Germany) and the protocol 
enclosed. Briefly, each bacterial suspension was centrifuged using an Eppendorf 5702 Centrifuge 
(model no. 5702 000.019; Hamburg, Germany) at 13 000 x g for approximately 10 min or until 
cells were separated from the supernatant in a visible pellet. The pellet was then resuspended in 
the fluid within the PowerBead microcentrifuge tubes provided in the kit. 60 µL of the 
surfactant, solution C1, was added to each tube and tubes were attached to a vortex genie 2, 24 
microtube adapter (1.5-2 mL tubes) supplied by Qiagen (Hilden, Germany) and vortexed for 10 
min at maximum speed. Following vortexing, tubes were centrifuged at 10 000 x g for 30 s in an 
Eppendorf 5415D Centrifuge (model no. 22 62 120-3) and the supernatant transferred to a new 
tube where 250 µL of a protein precipitant, solution C2, was added and vortexed to mix contents. 
Following a 5 min incubation at 4 °C, tubes were centrifuged similar to the previous 
centrifugation step, except for 1 min at room temperature. To the supernatant, 200 µL of an 
aqueous inhibitor remover, solution C3, was added and followed by the same centrifugation step. 
Once transferred to a new tube, 1200 µL of a chaotropic agent, solution C4, was added, vortexed 
and centrifuged as previously stated, except this step was done using an MB spin column 
provided by the kit, allowing the DNA to become trapped within the filter cartridge. Instead of 
adding solution C5 (a solution containing 30-60% (v/v) ethanol) to purify the DNA, 75% (v/v) 
ethanol was used and the filter was centrifuged twice at 9500 x g for 5 min to increase the purity 
of DNA extracted (El-Ashram et al., 2016). DNA was eluted off the filter using 10 mM tris, 
solution C6, from the kit, aliquoted and stored at -80 °C until needed for qPCR experimentation. 
DNA concentration and purity (A260/A280), were measured using a BioTek microplate reader 
with Take3 Micro-volume Plate (BioTek Instruments Inc, Winooski, VT). 
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After DNA was successfully extracted, qPCR was run with primers selecting for the 16S 
rRNA as the amplicon for each of the Red Complex organisms; a region on the DNA that is well 
conserved amongst most bacteria (Janda and Abbott, 2007). Table 2.2 displays the primer 
sequences selecting for the 16S rRNA region for each Red Complex bacterium. The qPCR 
protocol and conditions were established using the SsoFast™ EvaGreen® Supermix from Bio- 
Rad® (Hercules, CA). The protocol used in the Bio-Rad® iCycler IQ™ was as follows: enzyme 
activation at 98 °C for 2 min, followed by 30-40 cycles of denaturation at 98 °C for 5 s, then 11 
cycles of annealing and extension at 60 °C for 10 s and finally the melt curve at 65-95 °C, where 
each step increases by 0.5 °C increments for 10 s. The qPCR conditions included 20 µL reactions 
consisting of 10 µL SsoFast™ EvaGreen® Supermix, 0.6 µL 10 µM forward and reverse 
primers, 2 µL of template and the remaining volume (6.8 µL) of RNase/DNase-free PCR-Grade 
water. 
Table 2.2: Primers used to investigate Red Complex bacterial 16S rRNA target genes for qPCR 
analysis 
 
Target Gene Primer Primer Sequence (5’-3’) Size of 
Amplicon  
Reference 
P. gingivalis 
16S rRNA 
P_ging_for 
 
P_ging_rev 
AGGCAGCTTGCCATACTGCG 
 
ACTGTTAGTAACTACCGATGT 
1520 bp Chen et 
al., 2017 
T. denticola 
16S rRNA 
Tdent_For 
 
 
Tdent_Rev 
TAATACCGAATGTGCTCATTT
ACAT 
 
TCAAAGAAGCATTCCCTCTTC
TTCTTA 
1515 bp Mo et al., 
2013 
T. forsythia 
16S rRNA 
T. forsythia 
(16S-F) 
T. forsythia-
16S-R 
AAAACAGGGGTTCCGCATGG 
 
TTCACCGCGGACTTAACAGC 
1505 bp Tanner 
and Izard, 
2006 
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Within the qPCR supermix is a fluorescent dye (EvaGreen) that binds to dsDNA 
generated when the template DNA containing the target sequence is amplified (Schmittgen and 
Livak, 2008). Amplification of the amplicon occurs exponentially over many cycles, which 
causes the dsDNA generated to fluoresce (Schmittgen and Livak, 2008). The amount of 
fluorescence detected corresponds to the quantity of target sequence in each reaction (Schmittgen 
and Livak, 2008). Thus, when a dilution series was carried out from 10-1-10-6 on DNA from each 
Red Complex bacterium, and qPCR was run using the dilution series as template, a standard 
curve was generated based on the threshold cycle (Ct). The Ct is the qPCR cycle at which a 
sample (fluorescent dsDNA) crosses an arbitrary threshold, set by the iCycler optical systems 
software (version 3.1) to be just above background levels of fluorescence readings (Schmittgen 
and Livak, 2008). Thus, a qPCR standard curve was generated for each of the Red Complex 
bacteria following this method as shown in Figure 2.2 (also refer to Appendix A4 for the 
standard curve for each Red Complex bacterium). 
In addition to the generation of standard curves for each of the Red Complex bacteria, 
melt curves (65-95 °C, increasing by 0.5 °C increments) were generated, as shown in Appendix 
A4, to ensure that primer dimer formation caused by primer-primer binding, was not prevalent in 
qPCR experimentation (Bustin and Huggett, 2017). It should be noted that although qPCR was 
attempted for all Red Complex bacteria and standard curves were generated for all three 
organisms, there was some primer dimer formation and the conditions under which the qPCR 
was run were not optimal; PCR efficiencies often were not 100% and the slope of the generated 
standard curve closer to, but not -3.3 as expected (Bustin and Huggett, 2017). 
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Figure 2.2: qPCR Standard Curve for P. gingivalis 
Standard curve depicts the relationship between amount of DNA by number of gene copies and 
threshold cycle. P. gingivalis DNA was serially diluted by 6 orders of magnitude in triplicate 
(only one replicate is shown) and qPCR standard curve was generated using SsoFast™ 
EvaGreen® qPCR kit. 
 
After establishing conditions necessary for qPCR of the Red Complex bacteria, RNA 
extraction of a mature Red Complex bacterial biofilm and Red Complex bacteria that were 
treated with antimicrobial agents in static treatment assays took place. Similar to DNA 
extraction, RNA was extracted once the Red Complex bacteria were inoculated and grown as 
described in section 2.3.1. RNA was extracted using the Invitrogen Ribopure™-Bacteria 
(AM1925) kit from Thermo Fisher Scientific (Nepean, ON) and the associated protocol 
enclosed. Briefly, each bacterial suspension was centrifuged using an Eppendorf 5702 Centrifuge 
(model no. 5702 000.019; Hamburg, Germany) at 13 000 x g for approximately 10 min or until 
cells were separated from the supernatant in a visible pellet. The supernatant was removed, and 
the pellet was resuspended in 350 µL of RNAwiz supplied by the kit. This solution containing 
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the cells was then transferred into screw cap tubes supplied by the kit containing approximately 
250 µL Zirconia beads. Cells were then mechanically lysed by attaching tubes to a vortex genie 
2, 24 microtube adapter (1.5-2 mL tubes) supplied by Qiagen (Hilden, Germany) and vortexed 
for 10 min within the apparatus at maximum speed. Tubes then were centrifuged for 5 minutes at 
13 000 x g using an Eppendorf 5415D Centrifuge (model no. 22 62 120-3) at 4 °C. Following 
centrifugation, the lysate was transferred into a fresh tube where 0.2 volumes of chloroform were 
added to the lysate, mixed and incubated at room temperature for 10 minutes. The tubes were 
then centrifuged for 5 minutes at 13 000 x g at 4 °C. The aqueous layer was transferred to new 
microcentrifuge tubes where RNA was purified with anhydrous ethanol and two wash solutions 
from the kit, finally to be eluted from the filter.  
To further purify the RNA, RNA was treated with 6 µL of DNase and 1/9 volumes of 
DNA 10X buffer and incubated at 37 °C for 1 h. Afterwards, the DNases were inactivated, and 
the purified RNA was aliquoted and stored at -80 °C until cDNA needed to be generated. Note 
that RNA was chosen over DNA for template source for qPCR because RNA is generated in 
metabolically active cells; the cells that are able to generate biofilm and could be eliminated 
through treatment with antimicrobials. 
Once RNA was effectively extracted, complementary DNA or cDNA was generated by 
reverse- transcription polymerase chain reaction (RT-PCR). RT-PCR allowed for the 
amplification of the reverse transcription product (cDNA) generated when RNA is converted to 
DNA by reverse transcriptase. RT-PCR was done using the iScript™ Reverse Transcription 
Supermix from Bio-Rad® and the associated protocol. The protocol used in the Bio-Rad® 
iCycler IQ™ was as follows: priming for 5 min at 25 °C, reverse transcription for 20 min at 46 
°C and finally RT (enzyme) inactivation for 1 min at 95 °C. The reaction conditions had a final 
Sidney Nechacov 
Factors Affecting Biofilm Formation in Red Complex Bacteria 
33 
 
volume of 20 µL consisting of 4 µL of RT iScript™ supermix, 5 µL template (RNA extracted 
from Red Complex bacteria) and the remaining volume (11 µL) of RNase/DNase-free PCR-
Grade water.  
Once the RT-portion was complete and cDNA was generated, the product was used as 
template for qPCR and treatments were compared to the untreated mature (day 5) Red Complex 
biofilm to assess changes in magnitude (10-fold) of each Red Complex bacterium, both before 
and after treatment. The following equation was used to assess the change in magnitude that 
resulted from treatment with antimicrobial agents: 
Change in magnitude for Red Complex population = [(Cttreatment - CtRed Complex day 5 biofilm)/3.3],  
where 3.3 is the number of cycles in between each order of magnitude (10-fold increases and 
decreases) within the Red Complex bacterial population (Bustin and Huggett, 2017).  
By comparing Ct values of P. gingivalis: T. denticola: T. forsythia within Red Complex 
biofilms, both treated and untreated, a better understanding of how treatment with antimicrobials 
affects the Red Complex as a community was established. Note that the above equation assumes 
that both the RT-PCR and qPCRs performed were 100% efficient. 
2.4.2 Denaturing Gradient Gel Electrophoresis  
 In an attempt to confirm the quantitative results found through RT-qPCR and to better 
understand the Red Complex bacterial community structure, denaturing gradient gel 
electrophoresis (DGGE) was performed. DGGE is a molecular fingerprinting technique that 
allows for DNA extracted from a microbial community, such as the Red Complex, to be 
separated on a polyacrylamide gel of varying concentrations (40-60% (w/v)) based on GC 
content (Green et al., 2010). Then based on presence/absence, the relative quantity of Red 
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Complex bacteria and shifts of community structure can be assessed, both prior to and post-
treatment with antimicrobials. 
For DGGE analysis of the Red Complex bacteria as a community, Universal DGGE was 
performed using 357F-GC and 518R primers for PCR amplification of the V3 region of 16S 
rRNA in the Red Complex bacterial genomes (Green et al., 2010). The 357F forward primer (5’-
CCTACGGGAGGCAGCAG - 3’) with a GC clamp attached at the 5’ end and the 518R reverse 
primer (5’- ATTACCGCGGCTGCTGG - 3’) (MilliporeSigma; Burlington, ON) were used in 
PCR reactions with total final volumes of 50 µL. Each 50 µL reaction contained 10 µL of 10X 
Go-Taq™ Flexi buffer, 3 µL of 25 mM MgCl2, 2.5 µL of both the forward and reverse universal 
primers, 0.4 µL of 100 mM dNTPs, 0.3 µL U Go-Taq™ flexi (Taq polymerase), 5 µL DNA 
template (DNA was extracted through the same protocol as in 2.4.1) and the remaining volume 
(26.3 µL) RNase/DNase-free PCR-Grade water. The PCR protocol was as follows: denaturation 
for 5 min at 94 °C, 20 cycles of 95 °C, 65 °C and 72 °C for 1 min, followed by decreasing the 
annealing temperature by 1 °C every 2 cycles starting at 65°C and continuing until 56 °C at cycle 
20. Next, 10 cycles of 94 °C, 55 °C and 72 °C at 1 min per cycle were completed. Finally, 
extension took place for 7 min at 72 °C. PCR products were run on a 1.8% (w/v) agarose gel and 
stained with ethidium bromide to ensure the correct amplicon size was amplified. 
It was necessary for a DNA organism ladder to be generated to provide a reference point 
for PCR products on a gel. The ladder consisted of eleven organisms: Flavobacterium spp. 
(ATCC® 51823), Aeromonas hydrophilia (ATCC® 49140), Bacillus cereus (Ward’s Science 
Plus), Alcaligenes faecalis (ATCC® 33950), Bacillus megaterium (ATCC® 10778), 
Pseudomonas aeruginosa (Ward’s Science Plus), Streptomyces griseus (ATCC® 10137), 
Sidney Nechacov 
Factors Affecting Biofilm Formation in Red Complex Bacteria 
35 
 
Nitrosomonas europaea (ATCC® 25978), Porphyromonas gingivalis (pg F1085; BEI 
Resources), Treponema denticola (ATCC® 35405) and Tannerella forsythia (ATCC® 43037). 
DGGE gels were prepared at a polyacrylamide concentration of 8% (w/v), with a 40-65% 
(w/v) denaturing formamide/urea gradient, based on protocols from Green et al. (2010). Since 
Universal PCR was done prior to loading and running gels, each band was the same size and 
could be differentiated based on GC content. During the 17 h electrophoresis, using the CBS 
Scientific apparatus system (DGGE-2001 system; CBS Scientific), dsDNA traveled through the 
polyacrylamide gel until it was retarded by the concentration of denaturant that caused it to 
become denatured (Green et al., 2010). After electrophoresis, gels were stained for 1 h with 
SYBR gold and imaged using a Bio-Rad® Versa Doc. Then, the banding pattern profiles of each 
DGGE gel were compared; the Red Complex bacteria both individually and together in a 
complex were compared to the post-treatment complex. 
 
Chapter 3: Establishment of Red Complex growth and biofilm formation 
conditions (Objective 1) 
3.1 Overview 
Static biofilm assays have been the standard method of assessing bacterial growth and 
biofilm formation for many years (O’Toole and Kolter, 1998; O’Toole et al., 2000). O’Toole and 
Kolter established a standard protocol in which bacteria are inoculated into 96-well microtiter 
plates and incubated over a period of time that allows for bacterial growth and biofilm 
development to be monitored. Bacterial growth and biofilm are measured spectrophotometrically 
at a wavelength of 600 nm (O’Toole and Kolter, 1998). To assess the biofilm formed throughout 
experimentation, crystal violet, a stain that binds non-specifically to the exopolysaccharides 
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secreted by bacteria during the formation and maturation stages of biofilm development, is used. 
When the crystal violet binds to the biofilm, it forms a complex that can then be solubilized by 
acetic acid and measured semi-quantitatively to assess the degree to which the bacteria are 
producing biofilms (Feoktistova et al., 2016; O’Toole et al., 2000). Using a slight modification 
of the O’Toole method, Red Complex bacterial growth and biofilm formation were optimized 
(refer to section 2.3.2.1) (Narita et al., 2014).  
 One issue many scientists encounter when attempting static assays is the lack of bacterial 
biofilm attachment to polystyrene (O’Toole et al., 2000; Lyklema et al., 1989). Oral bacteria in 
particular have varying biofilm attachment profiles to microtiter plates (McNab et al., 2003; 
Clark et al., 1989). Different microtiter plates have differing features such as round and flat 
bottoms, as well as differing compositions of polystyrene, that could aid or inhibit the attachment 
of bacterial biofilms. Bacterial cell surfaces are often considered to have a net negative charge, 
which is the result of cell surface polysaccharides and glycoproteins (Dickson and Koohmaraie, 
1989). Some microtiter plates have a coating that is either cationic or anionic in nature, which 
could also affect the ability for bacterial attachment to occur (Dickson and Koohmaraie, 1989). 
Other ways to aid in bacterial biofilm attachment to polystyrene plates include methods 
such as fixation of the biofilm to the plate using 100% (v/v) ethanol and other fixing agents 
(Feng et al., 2013). However, to better mimic the environment in which the bacteria are naturally 
(or pathogenically) inhabiting, one must consider factors present in that environment that aid in 
biofilm attachment. More specifically, when considering bacteria that inhabit the oral cavity, 
saliva is a major component of bacterial attachment (Mandel, 1987; Darveau et al., 1997). Saliva 
contains many proteinaceous components such as albumin and mucin (Mandel, 1987; Darveau et 
al., 1997). Albumin and mucin could aid in bacterial attachment as many bacteria use mucin for 
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soft tissue adherence within the oral cavity (Mandel, 1987; Darveau et al., 1997). Mucin is 
characterized by its low solubility and high viscosity, giving saliva its characteristic ‘stickiness’ 
and also aids in oral bacterial attachment (both commensal and pathogenic bacterial attachment) 
(Mandel, 1987). 
3.2 Methodological Approach 
 Two baseline static assays were performed to optimize the attachment, growth and 
subsequent biofilm formation ability of the Red Complex bacteria. The first assay used filter-
sterilized (0.2 µm) human saliva to assess if components of saliva would aid the attachment of 
Red Complex bacteria to microtiter plates. This involved coating the experimental wells with 
200 µL of filter-sterilized saliva, incubating for 30 min at 37 °C and then removing the saliva 
prior to inoculation of the plates (refer to Section 2.3.2.1). Additionally, Red Complex bacteria 
were grown individually and together in the multiorganismal media (OBGM; oral bacteria 
growth medium) to assess which condition (individual or collective growth) allowed for optimal 
growth of all three Red Complex bacteria in replicates of six. In the assay, a negative control of 
uninoculated OBGM was used. 
 The second assay also involved the growth of Red Complex bacteria individually and 
collectively in OBGM, but also tested autoclaved human saliva and different microtiter plates 
(Falcon®, Nunc® and Sarstedt®) to see which allowed for optimal bacterial growth and 
attachment. Human saliva was collected, autoclaved and used to coat microtiter plates in the 
same manner as the static assay above. Autoclaved human saliva was used to investigate if the 
inactivated biomass and components of saliva aid in the attachment of the Red Complex bacteria. 
In both assays, Red Complex bacteria were allowed to grow for 5 d under anaerobic conditions 
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(as previously defined) at 37 °C and after the incubation was complete, the crystal violet staining 
protocol described in section 2.3.2.1 was carried out.  
Red Complex bacterial growth and biofilm formation (for both assays) were assessed in 
part using growth curves and initial biofilm assays by C. Bartlett, MSc and T. Brenner, MSc 
(Table 3.1). Growth and biofilm formation of the Red Complex bacteria were also assessed 
through replicatory experimentation where multiple trials of growth and biofilm assays were 
performed to establish the baseline profiles for the Red Complex. 
Table 3.1: Estimated ranges of Red Complex bacterial growth and biofilm formation partially 
based on data generated spectrophotometrically from growth curves and initial biofilm assays 
done by C. Bartlett and T. Brenner 
 Degree of Growth (OD600 nm) Degree of Biofilm Formed (A600 nm) 
Low Moderate High Low Moderate High 
P. gingivalis < 0.6 0.6-1.5 > 1.5 < 0.8 0.8-2.5 > 2.5 
T. denticola < 0.2 0.2-0.8 > 0.8 < 0.2 0.2-1.5 > 1.5 
T. forsythia < 0.2 0.2-0.8 > 0.8 < 0.2 0.2-1.5 > 1.5 
Red 
Complex (P. 
gingivalis, T. 
denticola, T. 
forsythia) 
< 0.6 0.6-1.5 > 1.5 < 1 1-2.5 > 2.5 
 
The relative abundance of each Red Complex bacterium within a mature (5 d) 
multiorganismal biofilm was explored by Ct analysis using RT-qPCR. This involved extraction 
of RNA from a microtiter plate inoculated 5 d prior with the Red Complex (refer to section 2.4.1 
for procedure and RT-qPCR conditions). 
3.3 Results and Discussion 
In these experiments, two primary factors affecting Red Complex bacterial growth and 
biofilm formation were addressed under several conditions; adherence and community 
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composition. Bacterial attachment was assessed by coating microtiter plates with filter-sterilized 
saliva (Figure 3.1), autoclaved saliva (Figure 3.2B), or no coating and testing different microtiter 
plate types (Figure 3.2). Additionally, community composition was also assessed by growing the 
Red Complex bacteria either individually or in the three-member complex to determine if 
multiorganismal growth and subsequent biofilm formation could be achieved (Figures 3.1 and 
3.2). 
 
 
Figure 3.1: Red Complex Bacterial Growth Assay Using Filter-sterilized Saliva Coating 
Red Complex bacterial growth 5 d after inoculation in Falcon® flat-bottom microtiter plates 
(either coated or not coated with 200 µL filter-sterilized saliva), where Red Complex bacteria (T. 
denticola, P. gingivalis and T. forsythia) were grown individually and together in replicates of 
six. Growth was spectrophotometrically assessed using optical density at a wavelength of 600 
nm. 
 
As previously mentioned, once bacteria attach to a surface, biofilms can subsequently be 
formed (O’Toole et al., 2000; Almaguer-Flores, 2013; Petrova and Sauer, 2016). Thus, bacterial 
attachment to the polystyrene or saliva coated surface of microtiter plates was a requirement to 
assess biofilm formation in downstream assays. Interestingly, applying a saliva coating the 
experimental wells with either filter-sterilized (Figure 3.1) or autoclaved saliva (Figure 3.2B) did 
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not improve the growth of the Red Complex bacteria. The Red Complex bacteria inoculated into 
wells that did not receive a saliva coating were observed to grow the same or better than bacteria 
inoculated into coated wells, regardless of the sterilization method of saliva (Figures 3.1 and 
3.2B).  
 
Figure 3.2: Red Complex Bacterial Growth Assay Using Various Microtiter Plates 
Red Complex bacterial growth 5 d after inoculation in various microtiter plates (Falcon®, 
Nunc® and Sarstedt®), where Red Complex bacteria (T. denticola, P. gingivalis and T. 
forsythia) were grown individually and together in triplicate. A) Microtiter plates were coated 
with 200 µL of autoclaved human saliva prior to the addition of Red Complex bacteria. B) Red 
Complex bacteria were inoculated into plates without a saliva coating. 
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Using the typical ranges of Red Complex bacterial growth, established by C. Bartlett, 
MSc and T. Brenner, MSc (Table 3.1), the observation can be made that T. forsythia and T. 
denticola achieved medium growth without a saliva coating (Figure 3.2B). This is contrasted 
with T. forsythia and T. denticola inoculated into autoclaved saliva-coated wells, where medium-
low levels of growth were observed (OD ≤ 0.2) (Figure 3.2A). 
Thus, it can be concluded that filter-sterilized or autoclaved human saliva does not aid in 
the attachment of Red Complex to microtiter plates or that a 30 min coating period is not long 
enough to allow saliva to adequately coat the microtiter plate to allow for optimal bacterial 
attachment. Due to time restraints and the optimization of the growth assay to the degree that 
biofilm assays could be performed, these conclusions were not further tested experimentally in 
this research. Nevertheless, the result of saliva coating not aiding in Red Complex bacterial 
attachment is novel and aids in the development of an assay that is optimal for Red Complex 
bacterial growth and biofilm formation. This finding could be a consequence of where the Red 
Complex bacteria colonize the oral cavity. The Red Complex bacteria can be characterized as 
deep tissue colonizers, often found in periodontal pocket depths greater than 4 mm (Socransky et 
al., 1998). Because the Red Complex bacteria are found deep within the periodontal pocket, it is 
plausible that they do not encounter saliva to the degree experienced by bacteria inhabiting the 
periodontal pocket at a lesser depth. There is also the possibility that since P. gingivalis can 
effectively attach to saliva-coated hydroxyapatite surfaces in the oral cavity, that the combination 
of saliva and hydroxyapatite would be more effective in aiding in the Red Complex bacterial 
attachment to microtiter plates (Gibson and Attardo Genco, 2006). 
Bacterial attachment to polystyrene surfaces was also experimentally assessed using three 
different 96-well microtiter plates (Falcon®, Nunc® and Sarstedt®) (Figure 3.2). There were 
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structural differences in the wells of microtiter plates tested; both the Falcon® and Nunc® 
microtiter plate wells had a flat bottom, while Sarstedt® had a round bottom. Experimentally, we 
found that the round bottom Sarstedt® microtiter plates allowed for optimal Red Complex 
bacterial growth (across bacterial attachment and arrangement conditions), compared to the 
Falcon® and Nunc® plates (Figure 3.2). This experimental finding was novel, since it has not 
been previously shown that the Red Complex bacteria adhere better to round-bottom microtiter 
plates, compared to microtiter plates with flat-bottom wells.  
All of the Red Complex bacteria grew best in the Sarstedt® round-bottom, non-coated 
microtiter plates (Figure 3.2A). However, in the Falcon® plate where wells were coated with 
autoclaved saliva (Figure 3.2B), T. forsythia grew to moderate levels (OD > 0.2, refer to Table 
3.1) compared to its low levels of growth in the other two microtiter plates that were coated with 
autoclaved saliva (OD < 0.2, refer to Table 3.1) (Figure 3.2A). The increased growth of T. 
forsythia in Falcon® microtiter plates was a surprising finding with no clear explanation in 
literature. However, Honma et al. in 2007 used the same Falcon® microtiter plates to assess 
biofilm formation of various T. forsythia strains, which, along with the findings in this research, 
may implicate the Falcon® microtiter plates as the most suitable for static assay of T. forsythia, 
although the optimization of microtiter plates was not explicitly stated.  While this observation 
was interesting, since the desired outcome of objective one and this experiment was to optimize 
the multiorganismal growth of the Red Complex bacteria, the result was not investigated further.  
The other factor assessed through this research was Red Complex bacterial composition, 
as Red Complex bacteria were grown both individually and together, to better understand the 
growth dynamics of each Red Complex bacterium. Multiorganismal growth was achieved 
experimentally and surprisingly, both P. gingivalis and the multiorganismal complex grew to 
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similarly high levels (refer to Table 3.1; Figures 3.1 and 3.2). The achievement of 
multiorganismal growth in OBGM was a promising result, as it confirmed the culturability of all 
three Red Complex bacteria together in OBGM (Zhu et al., 2013; Zainal-abidin et al., 2012).  
Additionally, since P. gingivalis and the multiorganismal complex both grew to high 
levels, there is the possibility that P. gingivalis was the most prominent organism in the Red 
Complex (thus accounting for the increased OD when cultured with the other two Red Complex 
bacteria) (Figure 3.2).  To test if P. gingivalis was the most prominent member for the Red 
Complex, RT-qPCR was utilized as a more sensitive technique than optical density. RNA 
extracted from a mature (5 d) Red Complex multiorganismal biofilm that was analyzed using Ct 
analysis (Table 3.2). The results of individual growth of the Red Complex bacteria (Figures 3.1 
and 3.2), were as expected based on growth curves Christopher Bartlett, MSc and Thomas 
Brenner, MSc generated (summarized in Table 3.1). RT-qPCR uncovered that P. gingivalis grew 
to the expected high levels and that P. gingivalis was the most prominent in a mature biofilm, 
confirming the static growth results in Figures 3.1 and 3.2 (Table 3.2). Additionally, RT-qPCR 
revealed that T. denticola was present in higher abundance than T. forsythia, while both were less 
abundant than P. gingivalis (Table 3.2). The results of RT-qPCR confirmed the static results in 
Figures 3.1 and were further verified through additional static assays. 
Table 3.2: Relative abundance of Red Complex bacteria within a mature, day 5 biofilm by Ct 
analysis using RT-qPCR (n=3) 
Red Complex Bacterium Ct Value Relative Abundance 
P. gingivalis 19.23 ± 0.59 most abundant 
T. denticola 26.53 ± 4.3 intermediate-low abundance 
T. forsythia 29.5 ± 0.85 least abundant 
*Ct = critical threshold, the qPCR cycle at which the fluorescent dsDNA crosses an arbitrary 
threshold set by iCycler. Ct indicates the hybridization of primer to template cDNA, specific for 
each Red Complex bacterium. 
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Therefore, based on the data generated through the optimization of Red Complex 
bacterial growth (Figures 3.1 and 3.2) and RT-qPCR analysis of a mature Red Complex co-
cultured biofilm, the composition (from most abundant to least abundant) of the Red Complex 
bacteria within a mature biofilm was discovered to be P. gingivalis, T. denticola, and T. forsythia 
(Table 3.2). The same Red Complex bacterial composition, found experimentally through RT-
qPCR, was also validated by the work done by Zainal-abidin et al. where quantification was 
performed using fluorescence in situ hybridization (FISH) and qPCR using a similar 
experimental model to the one used in this research (Zainal-abidin et al., 2012). Zainal-abidin et 
al. found that a mature Red Complex biofilm (90 h) consisted of predominately P. gingivalis, 
followed by T. denticola, with very low cell numbers of T. forsythia, verifying the findings in 
this research. 
The results of RT-qPCR performed using mature, multiorganismal Red Complex biofilm 
(Table 3.2) were preliminary in nature, but did support the observations of P. gingivalis being the 
most aerotolerant of the Red Complex bacteria and T. forsythia being the most fastidious (Lenz 
et al., 2016; Gibson and Attardo Genco, 2006; Tanner and Izard, 2006). Experimentally, P. 
gingivalis was found to be the most aerotolerant as it was able to grow in conditions that resulted 
in the death of the other two Red Complex bacteria (when small amounts of oxygen were 
introduced into the anaerobic chamber). Additionally, T. forsythia was repeatedly the most 
difficult bacterium to culture (of the Red Complex bacteria) as it could take up to 7 d for growth 
to occur (refer to section 2.3.1).  Thus, it was expected for P. gingivalis to be the most abundant 
bacterium within the Red Complex, followed by T. denticola and finally T. forsythia, based on 
their growth profiles established in this research. Additional replication and standardization of 
methodology to confirm this preliminary result could allow for absolute quantification, where the 
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number of gene copies for each Red Complex bacterium would be found within the 
multiorganismal mature biofilm using RT-qPCR. 
The result of optimal growth of the Red Complex bacteria occurred when together in a 
complex (Figures 3.1 and 3.2) is not surprising as most bacteria are found in multiorganismal 
biofilms rather than single species biofilms (Allaker and Douglas, 2009; O’Toole et al., 2000; 
Petrova and Sauer, 2016; Socransky et al., 1998).  Additionally, often where one of the Red 
Complex bacteria is found, all three bacteria are found (Hajishengallis, 2014; Bodet et al., 2006; 
Socransky et al., 1998). It has also been found previously that when the Red Complex bacteria 
are present as a complex, increased inflammation, gingival bleeding and immune system 
stimulation occurs; leading to the further progression of periodontal disease (Bodet et al., 2006). 
Therefore, the successful co-culture of the Red Complex bacteria in vitro, allowed for the 
generation of a model which could be used in downstream experimentation (static biofilm 
assays) to assess the effects of treatment on the Red Complex bacteria.  
3.4 Summary and Conclusions 
 In conclusion, an optimized growth assay for Red Complex multiorganismal growth was 
developed, successfully completing objective one. The successful multiorganismal growth in 
OBGM and the development of the optimized growth assay where Red Complex bacteria were 
able to effectively adhere to the non-coated polystyrene surface of Sarstedt® 96-well, round-
bottom microtiter plates allowed for the assessment of Red Complex bacterial biofilms in 
downstream experiments. All subsequent experimentation involving the use of this optimized 
static growth assay also involved an optimized biofilm assay which used crystal violet to 
measure (semi-quantitatively) biofilm formation (refer to section 2.3.2.1).  
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Other novel findings for this experiment included that coating microtiter plate wells with 
saliva (either filter-sterilized or autoclaved) generally did not improve the Red Complex bacterial 
adherence to microtiter plates. Furthermore, this research showed, that P. gingivalis static growth 
and the multiorganismal growth of the Red Complex bacteria, grew to similarly high OD values, 
which indicated that P. gingivalis was a prominent bacterial member of the Red Complex within 
the multiorganismal biofilm. Successful performance of RT-qPCR, established that the order of 
Red Complex bacteria (from most abundant to least abundant) in a mature (5 d) biofilm, was P. 
gingivalis, followed by T. denticola and finally T. forsythia. Thus, by quantifying the microbial 
composition by RT-qPCR, a portion of objective two was accomplished. 
Chapter 4: Investigation of Preventative Treatments on Red Complex 
Bacteria 
4.1 Overview of Treatments Used to Accomplish Objective 3 
There are antimicrobial compounds currently within oral hygiene products, aimed at 
eliminating bacteria responsible for bad breath, gingival bleeding and dental caries (Leszczynska 
et al., 2011; Silhacek and Taake, 2005; Allaker and Douglas, 2009). Often these treatments are 
used as preventative meausures to ensure the maintenance of a healthy oral environment. 
However, little is known about the effects of these compounds on the bacteria strongly 
associated with periodontal disease (i.e. the Red Complex). By testing the effects of 
antimicrobials on Red Complex bacteria, statically and by using quantification techniques (RT-
qPCR and DGGE) a better understanding of how factors such as inflammation, oxidative stress 
and pH play a role in the onset and progression of periodontal disease, can be investigated. 
Sodium fluoride (NaF) is an antimicrobial compound that is used in mouthwashes and 
toothpastes in low doses (typically < 1% (w/v)) to control the demineralization of tooth enamel 
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and prevent caries (Hasturk et al., 2004; Mandell, 1983). Concentrations in this research were 
selected based on research showing antimicrobial effects for bacteria within all microbial 
complexes (purple-orange), other than the Red Complex (Mandell, 1983; Socransky et al, 1998). 
These antimicrobial concentrations for other periodontal pathogens ranged from 128-2048 
µg/mL, however, no treatment of Red Complex bacteria collectively with NaF, has been 
assessed to date (Mandell, 1983).  
Sodium bicarbonate (NaHCO3), also known as the active ingredient in baking soda, is a 
common ingredient in many toothpastes (Silhacek and Taake, 2005). Clinically relevant 
concentrations of NaHCO3 range from 1-67% (w/v) depending on indirect usage in toothpastes 
or direct application to infected tissue pockets (Silhacek and Taake, 2005; Corral et al., 1988; 
Lomax et al., 2017). Concentrations for this research were selected based on a study that found 
0.12 M (10 mg/mL) NaHCO3 to have antimicrobial effects on facultative anaerobic pathogens 
(Corral et al., 1988).  
Hydrogen peroxide (H2O2) is an oxidizing agent that can be found in mouthwashes and 
toothpastes at concentrations of 1.5-3% (v/v) (Silhacek and Taake, 2005). Research on the use of 
H2O2 as an antimicrobial agent against oral pathogens is limited (especially with regard to the 
Red Complex bacteria). However, one study found bactericidal effects on Streptococcus mutans 
when 0.03% (v/v) was used in combination with sucrose and NaHCO3 (Silhacek and Taake, 
2005).  
Another treatment tested was sodium nitroprusside (SNP), a common medication 
prescribed to patients with hypertension (Tinker and Michenfelder, 1976). Hypertension, as 
previously noted, is one of the many comorbid diseases associated with periodontitis (Leong et 
al., 2014). SNP is a potent nitric oxide donor, making it a potent vasodilator (Tinker and 
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Michenfelder, 1976; Chua et al., 2014). In two studies, SNP was found to exhibit antimicrobial 
effects on Pseudomonas aeruginosa with dispersal of P. aeruginosa biofilms at a concentration 
of 500 nM (0.131 µg/mL) (Barraud et al., 2006; Chua et al., 2014). 
Recently, Mirexus, Inc. (Guelph, ON) collaborated as an industrial partner by providing 
three compounds, A, B and C, that were proposed to have antimicrobial properties. These three 
Mirexus compounds were used in static assays in order to test efficacy in elimination of Red 
Complex bacterial growth and biofilm formation. Since very little preliminary research was done 
with these compounds, a broad concentration range was selected to test the antimicrobial effects.  
By using the optimized biofilm assay (refer to section 2.3.2.1 and chapter 3), objectives 
two and three were addressed to better understand the structural profile of the Red Complex 
bacterial community, both before and after treatment with the various antimicrobials described 
above. Note, that by optimizing the biofilm assay (section 2.3.2.1), a portion of objective two 
was completed, with the remaining portion to be accomplished through molecular techniques. 
4.2 Methodological Approach 
Antimicrobial treatments and concentration ranges were selected based on three 
parameters; clinical relevance, previous literature defining the treatment as an effective 
antimicrobial or anti-biofilm agent and if the treatment addresses the factors affecting growth 
and biofilm formation indirectly of interest in this research (inflammation, oxidative stress and 
pH). Treatment types and concentrations (Table 4.1), often included a broad range since testing 
the effects of these compounds on Red Complex bacteria was novel and there was a need to 
establish baseline concentrations. 
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 Note that initial treatment trials with NaF and Mirexus Compounds A and B, involved 
the treatment of each individual Red Complex bacteria, as well as the treatment of the entire Red 
Complex with the antimicrobial compound (Table 4.1). All other treatments, NaHCO3, H2O2, 
SNP and Mirexus Compound C were only tested on Red Complex bacteria collectively. These 
treatments, when found effective, could be used as more targeted preventative agents against the 
onset of periodontal disease. 
Table 4.1: Treatment of Red Complex bacteria with various concentrations of antimicrobial 
agents by static assay 
Treatment 
Compound 
Concentrations Tested Red Complex Bacterial 
Arrangement Tested 
Related 
Figures 
NaF 10, 100, 500 and 1000 µg/mL Individually and collectively 4.1 & 4.2 
5, 10, 25, 50, 100 µg/mL Red Complex collectively 4.3 
NaHCO3 1, 2, 4, 6, 8, 10, 12, 14 mg/mL Red Complex collectively 4.5 
8.5, 9.5, 10, 10.5, 11, 11.5, 12, 
12.5, 13, 13.5, 14, 14.5, 15, 
15.5, 16, 16.5 mg/mL 
Red Complex collectively 4.6 
H2O2 0.5, 1, 1.5, 2, 2.5, 3, 3.5% (v/v) Red Complex collectively 4.8 
0.001, 0.0025, 0.005, 0.0075, 
0.01, 0.025, 0.05, 0.075% (v/v) 
Red Complex collectively 4.9 
SNP 0.005, 0.0075, 0.01, 0.025, 
0.05, 0.075, 0.1, 0.125 µg/mL 
Red Complex collectively 4.11 
Mirexus Compounds   
Compound A 10, 100, 500, 1000 µg/mL Individually and collectively 4.12 & 4.13 
Compound B 10, 100, 500, 1000 µg/mL Individually and collectively 4.14 & 4.15 
Compound C 50, 100, 200, 400, 600, 800, 
1000, 1200 µg/mL 
Red Complex collectively 4.16 
 
NaF was initially tested statically over a 5 d period, testing concentrations between 10-
1000 µg/mL on the Red Complex bacteria, both individually and together (Table 4.1). This was 
followed by an additional experiment testing the effects of a broader range of concentrations 
(between 5-1000 µg/mL) over a 14 d period. To test the effects of NaHCO3 on Red Complex 
bacterial growth and biofilm formation over 5 d experimental period and concentrations ranged 
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from 1-14 mg/mL. To further examine trends seen in the preliminary NaHCO3 experiment, the 
concentration range was expanded, testing concentrations of 8.5-16.5 mg/mL by increasing 
concentration in increments of 0.5 mg/mL, also tested over 5 d. Preliminary experimentation of 
H2O2 on Red Complex bacteria tested concentrations ranging from 0.5-3.5% (v/v) over 5 d. 
Later, experimentation was carried out on Red Complex bacteria at much lower concentrations 
(0.001%, 0.0025%, 0.005%, 0.0075%, 0.01%, 0.025%, 0.05% and 0.075% (v/v)). 
Concentrations of SNP for testing on Red Complex bacteria were between 0.005- 0.125 µg/mL, 
increasing by 0.0025 µg/mL increments. SNP treatment of Red Complex bacteria occurred over 
a 5 d period. 
Various concentrations of the Mirexus compounds were tested on Red Complex bacteria, 
statically (Table 4.1). Baseline concentrations (0.01, 0.1, 0.5 and 1 mg/mL) were tested for 
Compounds A and B on Red Complex bacteria, both individually and together in the 
multiorganismal complex over a 5 d period (Table 4.1). Compound C was initially proposed to 
be more effective as an antimicrobial due to its derivatized nature. As such, Compound C was 
tested at more concentrations than Compounds A and B (0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0 and 1.2 
mg/mL) on Red Complex bacteria within the multiorganismal complex over 5 d (Table 4.1).  
Following treatment testing using static assays, molecular techniques, such as RT-qPCR 
and DGGE, were used to assess and quantify the changes in the structural profile within the Red 
Complex biofilm (refer to Section 2.4 for methodology). DGGE was performed to establish 
baseline profiles for the Red Complex bacteria and then to assess and quantify the effects of 
treatment on the Red Complex multiorganismal community. Briefly, concentrations of the three 
treatments most common in oral hygiene products (NaF, NaHCO3 and H2O2) that had the most 
influence on Red Complex bacterial growth and ability to form biofilms (inhibition of growth 
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and stimulation of biofilm formation) were selected to be further assessed through molecular 
means. Concentrations in which DNA and RNA were extracted for downstream molecular 
techniques are listed in Table 4.2. These concentrations included six concentrations of NaF, five 
concentrations of NaHCO3 and four concentrations of H2O2. Additionally, Red Complex 
bacterial growth and biofilm formation post-treatment were compared to the estimated ranges in 
the same manner as in Chapter 3 (Table 4.3). 
Table 4.2: Concentrations of oral hygiene treatments found to influence Red Complex bacterial 
growth and biofilm formation statically, where DNA and RNA were extracted 
Treatment Compound Concentrations Extracted (DNA/RNA) Related Figures 
NaF 5, 10, 25, 50, 75, 100 µg/mL 4.4 & 4.19B 
NaHCO3 11.5, 12, 12.5, 13, 13.5 mg/mL 4.7 & 4.19B 
H2O2 0.01, 0.025, 0.05, 0.075% (v/v) 4.10 & 4.19B 
 
Table 4.3: Estimated ranges of Red Complex bacterial growth and biofilm formation partially 
based on data generated spectrophotometrically from growth curves and initial biofilm assays 
done by C. Bartlett and T. Brenner 
 Degree of Growth (OD600 nm) Degree of Biofilm Formed (A600 nm) 
Low Moderate High Low Moderate High 
P. gingivalis < 0.6 0.6-1.5 > 1.5 < 0.8 0.8-2.5 > 2.5 
T. denticola < 0.2 0.2-0.8 > 0.8 < 0.2 0.2-1.5 > 1.5 
T. forsythia < 0.2 0.2-0.8 > 0.8 < 0.2 0.2-1.5 > 1.5 
Red 
Complex (P. 
gingivalis, T. 
denticola, T. 
forsythia) 
< 0.6 0.6-1.5 > 1.5 < 1 1-2.5 > 2.5 
 
Prior to DNA and RNA extraction of Red Complex bacteria treated with oral hygiene 
compounds, static treatment assays were replicated. This replication included the inoculation and 
treatment of Red Complex bacteria as a collective complex with each treatment (as done for 
initial treatment experiments) and RNA and DNA extractions of the contents of the microtiter 
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plate, following anaerobic incubation at 37 °C for 5 d took place. Refer to Section 2.4 for 
methodologies of RNA and DNA extractions performed for RT-qPCR and DGGE.  
For RT-qPCR figures, the zero on the y-axis of each figure represents the untreated Red 
Complex microbial composition within a mature biofilm (Table 3.2) that the Ct values generated 
for each treatment were compared to. Each change in magnitude noted, was a log increase or 
decrease in the bacterial population, which would correspond to 3.3 PCR cycles between 
changes in magnitude, if PCR efficiency was 100% (Bustin and Huggett, 2017). Although the 
PCR was not 100% efficient in each case, assessing relative changes in population does allow for 
a preliminary understanding of the effects of various concentrations of treatments on the Red 
Complex bacterial population to be known. 
4.3 Results and Discussion 
 4.3.1 Treatment with Sodium Fluoride 
Initial treatment was done on each Red Complex bacterium individually to establish 
conditions appropriate for subsequent experiments (Figure 4.1). The effects of NaF on the 
growth and biofilm formation of P. gingivalis were assessed over a 5 d period (Figure 4.1A and 
B). Within 2 days of treatment and continuing until the end of experimentation, both the control 
(untreated P. gingivalis) and P. gingivalis treated with 10 µg/mL of NaF, grew to high levels 
(OD > 1.5, refer to Table 4.3), while all other treatment concentrations impacted the growth of P. 
gingivalis in an inhibitory manner. (Figure 4.1A). Almost complete inhibition of growth was 
observed for P. gingivalis treated with concentrations of NaF ranging from 100-1000 µg/mL, 
since P. gingivalis grew to low levels (OD < 0.2, refer to Table 4.3) when exposed to this range 
of concentrations (Figure 4.1A).  
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Additionally, P. gingivalis did not produce biofilm when exposed to any concentration of 
NaF (Figure 4.1B). However, the control also did not produce biofilm, which could be a 
consequence of culturing the Red Complex bacteria individually as all Red Complex bacteria 
(Figures 4.1B, D and F) did not produce biofilm. The lack of biofilm formation could also be 
explained by the ongoing optimization of the biofilm assay, during the experimentation 
involving treatment with NaF. 
 
Figure 4.1: Initial Sodium Fluoride Treatment of Each Red Complex Bacterium 
A/B: P. gingivalis diluted 1:100, C/D: T. denticola diluted 1:10, E/F: T. forsythia diluted 1:5 
were statically assayed (n=6). Concentrations of NaF were 10, 100, 500 and 1000 µg/mL and 
control in each assay was each untreated Red Complex bacterium. Growth (panels A/C/D) was 
assessed using optical density at a wavelength of 600 nm. Following the addition of crystal violet 
and acetic acid, biofilm formation (panels B/D/F) was assessed by absorbance at a wavelength of 
600 nm.  
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Concentrations of NaF between 100-1000 µg/mL had the same effect on P. gingivalis 
growth as it did for T. denticola growth (Figure 4.1C). T. denticola was also almost completely 
inhibited by concentrations of NaF and low growth (OD < 0.2, refer to Table 4.3) was observed 
(Figure 4.1C). Interestingly, 10 µg/mL of NaF did not appear to effect T. denticola growth, as the 
control and T. denticola treated with 10 µg/mL of NaF grew to medium levels (refer to Table 4.3 
and Figure 4.1C). This is contrasted with the growth of T. forsythia, which was inhibited at all 
treatment concentrations across the 5 d of experimentation (Figure 4.1E). The inhibition of 
growth observed experimentally in this research, was consistent with the inhibitory concentration 
range (128-2048 µg/mL) for other oral pathogenic bacteria treated with NaF (Mandell, 1983). 
The lack of biofilm formation of all Red Complex bacteria observed experimentally 
(Figure 4.1) could be evidence of the need for co-culturing of the Red Complex bacteria, as when 
all three bacteria were cultured together, biofilm was observed (Figure 4.2B). This novel finding 
can be indirectly confirmed through literature, where previous research has shown that the Red 
Complex bacteria are able to pathogenically persist and increase the severity of periodontal 
disease when together in a multiorganismal biofilm, compared to their individual pathogenic 
capabilities (Hajishengallis, 2014; Bodet et al., 2006). 
Also, experimentally there was an extended lag period of T. forsythia growth, where it 
took almost 4 d for T. forsythia to grow and 5 d to produce biofilms detectable through 
spectrophotometry (Figures 4.1E and F). These results were not surprising as previously 
researchers found that T. forsythia was the most fastidious for the Red Complex bacteria, often 
taking 5-6 d to grow to an OD acceptable for experimentation (section 2.3.1) (Tanner and Izard, 
2006; Friedrich et al., 2015). The difficulty with culturing T. forsythia in isolation could be 
evidence for its need to grow as a community, as T. forsythia is commonly only found in 
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biofilms with other organisms, such as F. nucleatum or the other two Red Complex bacteria 
(Sharma et al., 2005; Socranksy et al., 1998). 
When the Red Complex bacteria were inoculated into microtiter plates as a 
multiorganismal complex and treated with 10 µg/mL of NaF, growth to high levels (OD > 1.5, 
refer to Table 4.3) was observed (Figure 4.2A). In comparison to the control, Red Complex 
bacteria treated with 10 µg/mL of NaF displayed some indications of inhibition of growth since 
the OD values were slightly lower (OD ~ 1.5-2.0) than the control (OD ~ 2.0-2.5). However, a 
biofilm stimulatory effect was observed (Figure 4.2B) where treatment of the Red Complex with 
10 µg/mL of NaF, resulted in more biofilm production than the control. Although this finding is 
novel, stimulation of biofilm formation by an antimicrobial agent is not a novel concept. Bleich 
and colleagues (2015) showed that Bacillus subtilis produced more biofilm in the presence of 
thiopeptide antibiotics, than the control and proposed that this stimulatory effect was due to 
bacterial specific killing of B. subtilis strains that did not produce biofilm (Bleich et al., 2015). 
Although B. subtilis is not an anaerobic, oral pathogenic bacterium and the antimicrobial agent 
used was not NaF, the proposed mechanism of killing may be extrapolated and applied to this 
research. Evidence for this proposed mechanism of biofilm stimulation at 10 µg/mL of NaF 
(Figure 4.2B), can be found in the growth and biofilm work by Thomas Brenner, MSc (Appendix 
A1), although P. gingivalis grew the best of the Red Complex bacteria, it also produced the 
smallest amount of biofilm.  
The biofilm stimulatory effect observed at 10 µg/mL of NaF for the Red Complex also 
could indicate a stress response, whereby the bacteria appeared to have responded to 10 µg/mL 
of NaF by increasing biofilm biomass. The increase in biofilm biomass would allow for the Red 
Complex bacteria to be protected from ongoing antimicrobial therapy.  
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Figure 4.2: Initial Sodium Fluoride Treatment of the Red Complex 
(P. gingivalis diluted 1:100, T. denticola diluted 1:10, T. forsythia diluted 1:5) statically assayed 
(n=6). Concentrations of sodium fluoride were 10, 100, 500 and 1000 µg/mL with control of 
untreated Red Complex bacteria. Plates were incubated at 37 °C over 5 d. A) Growth was 
assessed using optical density at a wavelength of 600 nm. B) Following the addition of crystal 
violet and acetic acid, biofilm formation was assessed by absorbance at a wavelength of 600 nm. 
  
When the Red Complex was treated with concentrations of NaF of 100 µg/mL and higher 
(up to 1000 µg/mL), both growth and biofilm formation were inhibited (OD and A < 0.2) (Figure 
4.2). Thus, under the conditions tested, 100 µg/mL of NaF could be considered the minimum 
inhibitory concentration (MIC) and the minimum biofilm eradication concentration (MBEC) 
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according to CLSI standards, since at 100 µg/mL, no visible growth or biofilm was detected for 
the Red Complex bacteria (CLSI) (Figures 4.2 and 4.3). 
 
Figure 4.3: Treatment of the Red Complex with Various Concentrations of Sodium Fluoride   
P. gingivalis diluted 1:100, T. denticola diluted 1:10, T. forsythia diluted 1:5, statically assayed 
(n=6). Concentrations of sodium fluoride were 5, 10, 25, 50 and 100 µg/mL with control of 
untreated Red Complex bacteria. Plates were incubated at 37 °C over 14 d. A) Growth was 
assessed using optical density at a wavelength of 600 nm. B) Following the addition of crystal 
violet and acetic acid, biofilm formation was assessed by absorbance at a wavelength of 600 nm. 
 
 To form a better understanding of the both the biofilm stimulatory and inhibitory effects 
of NaF (Figure 4.2), a narrower range of concentrations were selected between 5 and 100 µg/mL 
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(Figure 4.3). In this subsequent trial, Red Complex bacterial growth when treated with both 5 
and 10 µg/mL was virtually unaffected since both treatment concentrations enabled the Red 
Complex bacteria to grow to levels (refer to Table 4.3) similar to the control (Figure 4.3A). 
Furthermore, the biofilm stimulatory effect observed previously (Figure 4.2B) at 10 µg/mL, was 
also observed when the Red Complex bacteria were treated with 5 and 10 µg/mL (Figure 4.3B).  
Red Complex bacteria treated with 5 and 10 µg/mL of NaF produced biofilm whose maximum 
absorbance values was around 3.0, while the control bacteria produced biofilm that absorbed to 
2.0 as the maximum (Figure 4.3B). Bacterial stress responses to toxins, such as antimicrobials, 
often result in increased biofilm formation as a bacterial defense mechanism (Honma et al., 
2009), as was observed when the Red Complex were treated with 5 and 10 µg/mL of NaF. The 
subsequent trial of treatment with NaF also yielded higher absorbance values as the protocol 
outlined in section 2.3.2.1 was optimized, allowing for improved assessment of biofilm. 
At a concentration of 50 µg/mL of NaF, minimal-no growth or biofilm formation for the 
Red Complex bacteria was observed until after 5 d of treatment (Figure 4.3). Upon initial 
assessment, 50 µg/mL of NaF may be considered a bacteriostatic concentration as it does not 
allow growth of the bacteria for 5 d, however, after 5 d both growth and biofilm formation are 
observed (Figure 4.3). By using a more sensitive technique (RT-qPCR) and assessing the relative 
abundance of the Red Complex 5 d post-treamtent, it appears that the Red Complex bacteria are 
still growing, with increases of relative abundance by 2-4 orders of magnitude (Figure 4.4). 
Therefore, assessment of RNA extracted from the NaF-treated Red Complex earlier in 
experimentation (e.g. day 3), could reveal the bacteriostatic effects of 50 µg/mL. The 
bacteriostatic activity of hydrogen peroxide has been reported for oral streptococci, however no 
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bacteriostatic activity of NaF has been reported (Thomas et al., 2007). Therefore, the finding of 
bacteriostatic activity at 50 µg/mL of NaF would be novel. 
 
Figure 4.4: Changes in Red Complex Bacterial Relative Abundance as a Result of Treatment 
with NaF by RT-qPCR  
NaF at 5, 10, 25, 50, 75 and 100 µg/mL(n=3). Relative abundance of each organism was 
compared to the untreated control (Red Complex mature biofilm, denoted ‘0’ on y-axis) to assess 
shifts in the structural profile. 
 
Also, the results of RT-qPCR carried out on RNA extracted from Red Complex bacteria 
treated with various concentrations of NaF, could confirm the proposed mechanism of the 
biofilm stimulatory effect observed at 5 and 10 µg/mL (Figure 4.4). When looking at the changes 
in the structural profile, the relative abundance of all three Red Complex bacteria increased 
between 0.1-1.7 orders of magnitude, compared to the control (Figure 4.4). This could indicate 
that although, through static assay 5 and 10 µg/mL of NaF did not have a notable effect on 
growth (Figure 4.3), by using a more sensitive technique (RT-qPCR) an increase in relative 
abundance of the Red Complex can be observed. 
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By RT-qPCR analysis, T. denticola appeared to be the most prominent bacteria within the 
biofilm when treatment with NaF occurred, since across the concentrations tested, there was an 
increase in T. denticola abundance between 1-5 orders of magnitude (Figure 4.4). This is 
contrasted to the untreated Red Complex bacterial biofilm where P. gingivalis was the most 
prominent microorganism (Chapter 3.3) The most drastic increase in T. denticola levels was at 
50 µg/mL, where there was an increase in magnitude of over 4 orders (Figure 4.4). P. gingivalis 
displayed the largest decrease in abundance (decreased by 2 orders of magnitude) in response to 
100 µg/mL of NaF, compared to the other Red Complex bacteria (Figure 4.4). 
Given the combined results of this experiment, NaF could be considered an effective 
preventative treatment of Red Complex bacteria at a concentration of 100 µg/mL. At a 
concentration of 100 µg/mL, NaF could also be applied directly to infected periodontal pockets 
in early stage periodontal disease patients, as it could be effective in killing or inhibiting the 
proliferation of Red Complex bacteria (both by inhibited growth and biofilm formation ability). 
However, concentrations below 100 µg/mL of NaF should not be used in the treatment of Red 
Complex bacteria, since some these concentrations (5 and 10 µg/mL) are able to induce the Red 
Complex bacteria to produce more biofilm than when left untreated. 
 4.3.2 Treatment with Sodium Bicarbonate 
 Initial treatment of the Red Complex with NaHCO3 involved testing a wide range of 
concentrations (1-14 mg/mL) over a period of 5 d. When considering the growth (Figure 4.5A) 
of the Red Complex bacteria following treatment with NaHCO3, it is important to note that 
growth was inhibited as little as 1 d post-inoculation across all treatment concentrations. In 
essence, there appeared to be an inverse relationship between NaHCO3 treatment concentrations 
between 1-8 mg/mL and bacterial growth; as the concentration of NaHCO3 increased, the Red 
Sidney Nechacov 
Factors Affecting Biofilm Formation in Red Complex Bacteria 
61 
 
Complex bacterial growth decreased (Figure 4.5A). This relationship between decreased growth 
and increased treatment concentration showed the inhibitory effect of NaHCO3.  
 
Figure 4.5: Treatment of the Red Complex with Various Concentrations of Sodium Bicarbonate 
P. gingivalis diluted 1:100, T. denticola diluted 1:10, T. forsythia diluted 1:5, statically assayed 
(n=6).  Concentrations of sodium fluoride were 1, 2, 4, 6, 8, 10, 12 and 14 mg/mL with the 
control of untreated Red Complex bacteria. Plates were incubated at 37 °C over 5 d. A) Growth 
was assessed using optical density at a wavelength of 600 nm. B) Following the addition of 
crystal violet and acetic acid, biofilm formation was assessed by absorbance at 600 nm. 
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Similar to the way that 25 µg/mL of NaF was an intermediately inhibitory concentration 
for Red Complex bacterial growth (refer to Figure 4.3A), 12 mg/mL of NaHCO3 also showed 
delayed Red Complex growth compared to the control (Figure 4.5A).  
Inhibition of growth and biofilm formation was observed when the Red Complex bacteria 
were treated with 14 mg/mL of sodium bicarbonate, making 14 mg/mL the MIC and MBEC for 
the Red Complex (Figure 4.5). An MIC value of 14 mg/mL is extremely high in comparison to 
other MIC values for both the Red Complex bacteria and other oral pathogens. For example, 100 
µg/mL of NaF was found to be the MIC for the Red Complex (Figures 4.2 and 4.3) and common 
MIC values for other antimicrobial compounds are often in the micro- to millimolar range 
(Mandell, 1983; Thomas et al., 1994).  Thus, the increase in concentration of NaHCO3 needed to 
inhibit growth and biofilm formation potential, may be attributed to an increase in pH as the 
concentration of NaHCO3 increases (Silhacek and Taake, 2005; Corral et al., 1988). Within a 
specific range of concentrations (8.8-10.6), pH of the culture media is unaffected because of the 
buffering action of NaHCO3. However, as the concentration of NaHCO3 increases and 
subsequently increases the pH of the OBGM used for bacterial growth, the Red Complex 
bacteria were completely inhibited (unable to grow or form biofilms) as was found 
experimentally in this research (Corral et al., 1988). Furthermore, it is not uncommon for high 
concentrations of NaHCO3 to be used in the treatment of periodontal disease since 
concentrations in toothpastes can reach up to 67% to decrease gingival bleeding in localized 
areas of the oral cavity (Lomax et al., 2017).  
As a general trend for the effects of NaHCO3 on Red Complex biofilm formation 
capacity, between 1-3 d, none of the concentrations of NaHCO3 tested were biofilm inducing 
since none of the concentrations tested resulted in higher levels of biofilm in treatment, 
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compared to the control (Figure 4.5B). Similar to the effect on Red Complex growth, 
concentrations of NaHCO3 between 1-14 mg/mL had an inverse relationship with biofilm 
formation; whereby, increased concentrations of NaHCO3 resulted in less biofilm formation, 
compared to the untreated control (Figure 4.5B). For unknown reasons, 4 d after treatment, there 
was a dramatic decrease in absorbance readings across all concentrations including the control. 
As a result, some concentrations (2, 4 and 6 mg/mL of NaHCO3) had absorbance values higher 
than the control. However, this should not be attributed to a biofilm inducing effect since the 
overall absorbance values for each of those concentrations decreased on day 4.  
The biofilm profiles for Red Complex bacteria treated with 10 and 12 mg/mL of NaHCO3 
both displayed inhibitory effects on the Red Complex biofilm formation potential, where low 
levels (A600 nm < 1, refer to Table 4.3) of biofilm were formed, until the last day of 
experimentation. Some recovery of the bacterial biofilm forming potential was observed as the 
bacteria treated with 8 and 10 mg/mL of NaHCO3 produced more biofilm than the control 
(Figure 4.5B). Additionally, some recovery in biofilm formation potential was noted for the Red 
Complex treated with 12 mg/mL of NaHCO3, however, this concentration reduced the bacteria’s 
overall ability to form biofilms, compared to all other lower concentrations tested and the control 
(Figure 4.5B). Therefore, although some inhibition of growth and biofilm formation occurred 
when the Red Complex was exposed to 12 mg/mL of NaHCO3, 12 mg/mL should not be used as 
a concentration to be included in a preventative treatment regimen because it still allowed 
moderate growth and low levels of biofilm formation (refer to Table 4.3) to occur (Figure 4.5B). 
Even low levels of Red Complex bacterial growth and biofilm formation could lead to the onset 
of periodontal disease, as the presence of the Red Complex is strongly associated with the initial 
inflammation of the periodontal pocket, present at the onset of periodontal disease (Lenz et al., 
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2016). However, the finding that 12 and 14 mg/mL (considerably high concentrations of 
NaHCO3) displayed inhibitory effects on the Red Complex was novel, thus further investigation 
into what the effects of concentrations around 12 mg/mL (8.5-16.5 mg/mL) was performed 
(Figure 4.6). 
Figure 4.6: Treatment of the Red Complex with an Expanded Range of Concentrations of 
Sodium Bicarbonate  
P. gingivalis diluted 1:100, T. denticola diluted 1:10, T. forsythia diluted 1:5, statically assayed 
(n=6). Concentrations of sodium fluoride ranged from 8.5-16.5 mg/mL and the control was 
untreated Red Complex bacteria. Plates were incubated at 37 °C over 5 d. A) Growth was 
assessed using optical density at a wavelength of 600 nm. B) Following the addition of crystal 
violet and acetic acid, biofilm formation was assessed by absorbance at a wavelength of 600 nm. 
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 Concentrations from 8.5-11.5 mg/mL of NaHCO3 displayed similar inhibition trends 
where, as the concentration of treatment increased, the Red Complex bacterial growth decreased 
over 5 d, compared to the control (Figure 4.6A). At concentrations of 12 mg/mL and higher of 
NaHCO3, Red Complex bacterial growth was inhibited to greater degree as maximum OD values 
were less than 1 (medium-low growth, refer to Table 4.3), compared to the maximum control OD 
values of greater than 2 (high growth, Table 4.3) (Figure 4.6A).  
Concentrations between 12-13 mg/mL appeared to be clustered, where the Red Complex 
bacterial growth was inhibited to a larger extent than lower concentrations. Interestingly, 13 
mg/mL allowed slightly more growth of Red Complex bacteria between 3-5 d after treatment, 
compared to 12.5 mg/mL of NaHCO3, which is the reverse of the inverse relationship between 
treatment concentration and bacterial growth shown thus far. This inverse relationship could be a 
result of the concentrations of NaHCO3 approaching the inhibitory concentration, as the 
surviving bacterial cells (those unaffected by NaHCO3) proliferate and produce biofilm rapidly 
as a protective measure against increased NaHCO3 concentration. This hypothesis is supported 
by the biofilm formation data, as the Red Complex exposed to 12.5 mg/mL produce moderate 
amounts of biofilm, compared to the Red Complex exposed to 13 mg/mL, which produced low 
levels of biofilm (indicating inhibition of biofilm formation potential) (Figure 4.6B).  
At a concentration of 13.5 mg/mL of NaHCO3 1 d post-treatment, minimal growth of the 
Red Complex bacteria was observed (Figure 4.6A). However, between days 1-2 there was a 
small increase in growth that subsided after 4 d and continued until the end of experimentation. 
Concentrations of NaHCO3 of 14-16.5 mg/mL were completely inhibitory, there was very 
minimal- no growth (Figure 4.6A) or biofilm formed (Figure 4.6B) at any of these 
concentrations. Although difficult to visualize in Figure 4.6, data points from these 
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concentrations almost completely overlapped with each other and these NaHCO3 levels were too 
high to allow for the growth and subsequently, biofilm formation of Red Complex bacteria. 
These results confirm that the MIC and MBEC for NaHCO3 is 14 mg/mL for the Red Complex 
and that 14 mg/mL could be used a preventative treatment for periodontal disease as it could not 
allow for Red Complex establishment. 
The effects of NaHCO3 on biofilm forming potential of the Red Complex were generally 
inhibitory for up to 3 d of experimentation (Figure 4.6B). After 1 d post-treatment, only the three 
lowest concentrations of NaHCO3 (8.5, 9.5 and 10 mg/mL) allowed for the formation of Red 
Complex biofilms, however as the concentration of NaHCO3 increased, the amount of biofilm 
generated decreased (Figure 4.6B). After 2 d post-treatment, concentrations between 8.5-12.5 
mg/mL of NaHCO3 also displayed similar inhibitory effects on Red Complex biofilm formation 
potential, where moderate levels (refer to Table 4.3) of biofilm were produced, compared to high 
levels (refer to Table 4.3) of biofilm produced by the control (Figure 4.6B). All other 
concentrations (13.0 mg/mL and higher) inhibited biofilm formation, even though there was 
some bacterial growth occurring for bacteria treated with 13.0 and 13.5 mg/mL of NaHCO3 
(Figure 4.6A). A small peak in biofilm formation was observed 3 d post-treatment for Red 
Complex treated with 13.0-13.5 mg/mL of NaHCO3, which might indicate a stress response from 
the Red Complex bacteria, as growth was impacted dramatically at these concentrations (Figure 
4.6). After 5 d of treatment with NaHCO3, Red Complex bacteria treated with concentrations 
between 8.5-11.5 mg/mL and the untreated control, both produced moderate levels of biofilm 
(Figure 4.6B, refer to Table 4.3). Also, after 5 d, concentrations between 12-16.5 mg/mL were 
effective in inhibiting Red Complex bacterial biofilm formation (MBEC = 14 mg/mL), even 
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though the Red Complex bacteria were still able to grow (Figure 4.6A) in concentrations up to 
12.5 mg/mL. 
RT-qPCR was performed on the Red Complex treated with the concentrations of 
NaHCO3 that had the most influence on growth, but did not completely inhibit growth, statically 
(11.5-13.5 mg/mL) (Figure 4.7) Generally, T. forsythia was the Red Complex organism most 
affected by NaHCO3, since across all concentrations tested the relative abundance of T. forsythia 
increased between 2-5 orders of magnitude, compared to the other two Red Complex bacteria 
(Figure 4.7).  
 
Figure 4.7: Changes in Red Complex Bacterial Relative Abundance as a Result of Treatment 
with Sodium Bicarbonate by RT-qPCR 
NaHCO3 at 11.5, 12, 12.5, 13 and 13.5 mg/mL concentrations. The Red Complex was treated 
with NaHCO3 and incubated for 3 d (n=3).  Relative abundance of each organism was compared 
to the untreated control (Red Complex mature biofilm, denoted ‘0’ on y-axis) to assess shifts 
relative abundance of the Red Complex bacteria. 
 
 Although, in static assay (Figure 4.6), concentrations of NaHCO3 between 11.5-12.5 
mg/mL were observed to have growth lower than the control, a more sensitive technique was 
utilized (RT-qPCR), revealing that the Red Complex bacteria were still growing at these 
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concentrations (Figure 4.7). An interesting trend occurred between 12.5 and 13 mg/mL of 
NaHCO3, where there was a considerable decrease in magnitude of the Red Complex bacteria 
and levels of all 3 bacteria decreased by 2 orders of magnitude (Figure 4.7). Again, although the 
growth of the Red Complex treated with 12.5 and 13 mg/mL were comparable statically (Figure 
4.6A), RT-qPCR provided a more in depth understanding of the shift in the Red Complex 
bacterial abundance in response to the increasing concentrations of NaHCO3.  
When the Red Complex was treated with 13 and 13.5 mg/mL of NaHCO3 and analyzed 
using RT-qPCR, the relative abundance of all the Red Complex bacteria decreased, compared to 
the lower treatment concentrations. Interestingly, at 13.5 mg/mL, the relative abundance of T. 
forsythia increases, compared to the abundance of T. forsythia exposed to 13 mg/mL of 
NaHCO3. This increase in the abundance of T. forsythia could confirm the results of the static 
assay (Figure 4.5), where an increase in biofilm formation when exposed to 13.5 mg/mL was 
observed 3 d post-treatment. Thus, the increase in biofilm formation, could be due to increased 
abundance of T. forsythia which aid in the production of the biofilm matrix. 
Notice that RNA was extracted from Red Complex bacteria treated with NaHCO3 3 d 
post-treatment and following RT-qPCR, results were compared to a mature Red Complex day 5 
biofilm. This could account for some of the differences within the trends across concentrations of 
NaHCO3 in Figure 4.7, however both biofilms (day 3 and 5) were consistently considered mature 
biofilms, experimentally. Depending on the growth dynamics of the inoculum, maximal biofilm 
density was achieved 3 or 5 d after inoculation into microtiter plates. 
In summary, NaHCO3 was effective in inhibiting Red Complex bacterial growth and 
biofilm formation at a minimum concentration 14 mg/mL after 1 d of treatment. As mentioned 
previously (section 4.1), 10 mg/mL of NaHCO3 was found to be an effective antimicrobial 
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compound in vitro on facultative anaerobes, such as E. coli and P. aeuruginosa (Corral et al., 
1988). The findings of this research revealed that a similar, yet higher concentration of 14 
mg/mL was required to inhibit Red Complex bacterial growth and biofilm formation. Thus, this 
research has shown that NaHCO3 at a concentration of 14 mg/mL could be used as a targeted 
method to prevent the onset of periodontal disease via inhibition of Red Complex bacterial 
growth and biofilm formation ability. 
 4.3.3 Treatment with Hydrogen Peroxide  
Clinically relevant concentrations of H2O2 were tested on the Red Complex to assess the 
effects on growth (Figure 4.8A) and biofilm formation potential (Figure 4.8B). In the initial trial, 
the results of treatment with H2O2 revealed that although the control bacteria were able to grow 
and produce biofilms, when treated with any of the concentrations of H2O2 tested, even as low as 
0.5% (v/v), Red Complex bacterial growth and biofilm formation were both completely inhibited 
(Figure 4.8). 
This result could be attributed to the strong oxidizing nature of H2O2 and the inability of 
strict anaerobic bacteria, such as the Red Complex bacteria, to tolerate that level of oxygen 
exposure (Boateng et al., 2011; Thomas et al., 1994). This result also confirmed that the 
concentrations present in toothpastes and mouthwashes (1.5-3% (v/v)) do not allow for the 
growth, proliferation or biofilm formation potential of the Red Complex bacteria (Silhacek and 
Taake, 2005). 
Sidney Nechacov 
Factors Affecting Biofilm Formation in Red Complex Bacteria 
70 
 
 
Figure 4.8: Treatment of the Red Complex with Clinically Relevant Concentrations of Hydrogen 
Peroxide 
P. gingivalis diluted 1:100, T. denticola diluted 1:10, T. forsythia diluted 1:5, statically assayed 
(n=6). Concentrations of hydrogen peroxide ranged from 0.5-3.5% (v/v) with control of 
untreated Red Complex bacteria. Plates were incubated at 37 °C over 5 d. A) Growth was 
assessed using optical density at a wavelength of 600 nm. B) Following the addition of crystal 
violet and acetic acid, biofilm formation was assessed by absorbance at a wavelength of 600 nm. 
  
Thus, lower concentrations of H2O2 were tested on the Red Complex, to assess effects on 
growth (Figure 4.9A) and biofilm forming potential (Figure 4.9B). At concentrations of H2O2 
ranging from 0.001-0.01% (v/v), the resulting growth mimicked the growth curve of the control 
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Red Complex bacteria (Figure 4.9A). For these concentrations, as the concentration of H2O2 
increased, the Red Complex bacterial growth decreased, however, this decrease was minimal in 
comparison to the control (both grew to high levels; refer to Table 4.3) (Figure 4.9A).  
 
Figure 4.9: Treatment of the Red Complex with Lower Concentrations of Hydrogen Peroxide 
P. gingivalis diluted 1:100, T. denticola diluted 1:10, T. forsythia diluted 1:5, statically assayed 
(n=6). Concentrations of hydrogen peroxide ranged from 0.001-0.075% (v/v) with control of 
untreated Red Complex bacteria. Plates were incubated at 37 °C over 5 d. A) Growth was 
assessed using optical density at a wavelength of 600 nm. B) Following the addition of crystal 
violet and acetic acid, biofilm formation was assessed by absorbance at a wavelength of 600 nm. 
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At a concentration of 0.025% (v/v) of H2O2, the Red Complex growth was slightly more 
inhibited for 3 d post-treatment, however 4-5 d post-treatment, Red Complex growth was 
comparable to the control (Figure 4.9A). The two highest concentrations tested in this 
experiment (0.05 and 0.075% (v/v) H2O2), were inhibitory to Red Complex bacterial growth and 
biofilm formation potential. This leads to the conclusion that 0.05% v/v of H2O2 is the MIC and 
MBEC for the Red Complex, which is a novel finding. 
Interestingly, 1 d post-treatment, the Red Complex bacteria treated with the three lowest 
concentrations of H2O2 (0.001-0.005% (v/v)), produced more biofilm than the control (Figure 
4.9B). This result showed that after 1 d of treatment with low levels of H2O2 the Red Complex 
bacteria were stimulated to produce more biofilm. However, after prolonged incubation (2-5 d), 
Red Complex biofilm density was reduced to much lower levels than the untreated control 
(moderate levels of biofilm formed, compared to high levels for the control; refer to Table 4.3), 
for concentrations of 0.001 and 0.0025% (v/v) (Figure 4.9B). Similarly, at 0.005% (v/v) H2O2, 5 
d post-treatment, Red Complex bacterial biofilm was stimulated as levels of biofilm formation 
increased, compared to the control (Figure 4.9B). 
The biofilm stimulatory effect that was observed at H2O2 concentrations of 0.001-0.005% 
(v/v) (Figure 4.9B), could be a result of Red Complex bacteria experiencing oxidative stress as T. 
forsythia has been previously found to produce biofilm in response to oxidative stress (Honma et 
al., 2009). Additionally, the Red Complex bacteria are strict anaerobic bacteria that are highly 
sensitive to the presence of oxygen, therefore, any concentration that produces oxidative stress 
would be expected to also result in biofilm formation as a bacterial defense mechanism (Boateng 
et al., 2011; Thomas et al., 1994; Honma et al., 2009). 
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The first trend that was seen through RT-qPCR analysis of Red Complex treated with 
H2O2 was that P. gingivalis was the organism within the Red Complex whose relative abundance 
was most impacted, across all concentrations tested (Figure 4.10). This finding supports the 
research hypothesis that when one Red Complex bacteria is eliminated from the multiorganismal 
biofilm that the other two bacterial species are affected in a way that is detrimental to biofilm 
formation. When P. gingivalis was negatively affected by H2O2 and levels decreased by 3 orders 
of magnitude, the relative abundance of T. denticola and T. forsythia levels were also negatively 
impacted (Figure 4.10). Support for the research hypothesis was exclusively found following 
treatment with H2O2. However, treatment of the Red Complex with additional antimicrobials 
followed by RT-qPCR analysis, could provide more support for this research hypothesis. 
 
Figure 4.10: Changes in Red Complex Bacterial Relative Abundance as a Result of Treatment 
with Hydrogen Peroxide by RT-qPCR 
H2O2 at 0.01, 0.025, 0.05 and 0.075% (v/v) concentrations. The Red Complex was treated with 
H2O2 and incubated for 5 d (n=3). Relative abundance of each organism was compared to the 
untreated control (Red Complex mature biofilm, denoted ‘0’ on y-axis) to assess shifts in the 
structural profile. Note that for 0.01% (v/v), no T. forsythia data was generated. 
 
Another apparent trend was that H2O2 could be considered inherently inhibitory to all 
Red Complex bacteria, as all concentrations tested caused the Red Complex relative abundance 
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to decrease, except for 0.05% (v/v), which caused a slight increase T. denticola and T. forsythia 
abundance (Figure 4.10). The increase in T. denticola and T. forsythia levels when exposed to 
0.05% (v/v) H2O2 can be explained by the observation that P. gingivalis levels were drastically 
decreased (by about 3 orders of magnitude) and since P. gingivalis appeared to be the most 
affected member of the complex, statically it appeared as an inhibitory concentration, (Figure 
4.9), when in fact T. denticola and T. forsythia were able to very low levels (below the detection 
level of a spectrophotometer). Thus, when P. gingivalis was almost completely eliminated from 
the Red Complex, the relative abundance of the Red Complex decreased and T. denticola and T. 
forsythia appeared to be the most abundant (Figure 4.10). Increased replication of RT-qPCR 
would resolve whether or not there was an increase in T. denticola and T. forsythia levels at 
0.05% (v/v) H2O2, compared to the control.  
Note that no data were generated for T. forsythia at 0.01% (v/v) H2O2, mostly likely the 
result of T. forsythia primers failing to bind T. forsythia cDNA (Figure 4.10) (Bustin and 
Huggett, 2017). Thus, RT-qPCR replication would be necessary to understand how H2O2 
specifically affected T. forsythia levels at a concentration of 0.01% (v/v). 
Therefore, H2O2 at a concentration of 0.075% (v/v) could be used as a preventative 
treatment for periodontal disease in that it prevents the growth and biofilm formation potential of 
the Red Complex bacteria. Possible treatment methods using H2O2 could include direct 
application of 0.05% (v/v) or higher concentrations to the infected periodontal pocket to 
oxygenate the microenvironment, thus inhibiting the Red Complex bacteria (Boateng et al., 
2011; Thomas et al., 1994).  
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4.3.4 Treatment with Sodium Nitroprusside 
SNP was used to treat Red Complex bacteria to assess the effects of nitric oxide (NO) on 
Red Complex growth (Figure 4.11A) and biofilm formation potential (Figure 4.11B). When 
considering the growth curves (Figure 4.11A), there was very little inhibition of growth 
observed, as all concentrations followed the control curve. At a concentration of 0.025 µg/mL of 
SNP, slight inhibition of Red Complex growth was observed, however growth at this 
concentration and the control were both at high levels (refer to Table 4.3) (Figure 4.11A). Thus, 
the concentrations tested for SNP, although within the range (6.55-131 ng/mL) where P. 
aeruginosa biofilm dispersal was observed previously (Barraud et al., 2006) were not effective at 
producing antimicrobial or bacteriostatic effects on the Red Complex. The lack of antimicrobial 
effects seen in this research with SNP could be due to differences in experimental design and 
bacterial culturing techniques (batch cultures used by Barraud et al. compared to static assay 
performed in this research. 
Additionally, at concentrations of SNP tested between 0.005-0.075 µg/mL, a biofilm 
inducing effect, where much more biofilm was produced by bacteria exposed to this 
concentration compared to the control, was observed (Figure 4.11B). The biofilm inducing effect 
seen with Red Complex bacteria treated with SNP contradicts studies showing that SNP was a 
potent biofilm dispersing agent for pathogenic anaerobic bacterial biofilms (Barraud et al., 2006; 
Chua et al., 2014). However, when SNP was observed to be a potent biofilm dispersing agent, 
researchers were studying P. aeruginosa biofilms not Red Complex biofilms. P. aeruginosa is a 
facultative anaerobe, whose biofilms are often pathogenically associated with the lung tissue of 
cystic fibrosis patients (Barraud et al., 2006). Red Complex biofilms, as previously described, 
are often associated with patients suffering from periodontitis; a disease characterized by 
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bacterially induced inflammation and destruction of oral structures (Darveau, 2010; 
Hajishengallis, 2014; Lenz et al., 2016). Therefore, SNP would not be expected to affect the Red 
Complex bacteria in the same manner that it affected P. aeruginosa.  
 
Figure 4.11: Treatment of the Red Complex with Sodium Nitroprusside 
P. gingivalis diluted 1:100, T. denticola diluted 1:10, T. forsythia diluted 1:5, statically assayed 
(n=6). Concentrations of hydrogen peroxide ranged from 0.005-0.125 µg/mL with control of 
untreated Red Complex bacteria. Plates were incubated at 37 °C over 5 d. A) Growth was 
assessed using optical density at a wavelength of 600 nm. B) Following the addition of crystal 
violet and acetic acid, biofilm formation was assessed by absorbance at a wavelength of 600 nm. 
 
The two highest concentrations of SNP, 0.1 and 0.125 µg/mL tested, displayed some 
inhibitory effects as moderate levels of biofilm formation (refer to Table 4.3) were observed after 
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treatment at these concentrations compared to the high levels of biofilm formed (refer to Table 
4.3) by the untreated control (Figure 4.11B). Interestingly, these concentrations were only 
inhibitory to biofilm formation of the Red Complex 4-5 d post-treatment and 0.1 µg/mL was a 
stronger inhibitor of biofilm formation than 0.125 µg/mL of SNP (Figure 4.11B).  
 Therefore, SNP was not found to be an effective antimicrobial agent for the Red 
Complex, as it did not inhibit the growth of the bacteria and also had a mild biofilm inducing 
effect, at the nanomolar concentrations tested in this research. SNP is a nitric oxide donor and 
would have been expected to negatively impact the growth and biofilm formation potential of the 
Red Complex bacteria. However, in vivo, nitric oxide is produced by the body as a means to kill 
pathogenic bacteria and this research did not support that mechanism (Tinker and Michenfelder, 
1976; Chua et al., 2014). Additionally, if SNP was administered as a treatment (in the 
concentrations tested within this research) to a patient with hypertension and periodontal disease, 
SNP could cause a worsening of the condition as the Red Complex bacteria could be induced to 
produce biofilm after just 1 d of treatment. Based on this research, an increase in Red Complex 
biofilm production could be reduced with prolonged exposure to SNP (up to 5 d) and higher 
concentrations (0.1 and 0.125 µg/mL). However, the reduction in Red Complex bacterial biofilm 
formation ability by treatment with SNP was observed to be not as dramatic as the decreases due 
to treatment with other antimicrobials (NaF, NaHCO3 or H2O2). 
4.3.5 Treatment with Mirexus Compounds 
4.3.5.1 Mirexus Compound A 
 Initial treatment of each member of the Red Complex for Mirexus, Inc. was tested using 
Compound A to assess the antimicrobial and anti-biofilm efficacy of the compound. P. gingivalis 
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growth was not inhibited by any concentration of Compound A tested (Figure 4.12A). When 
considering the effect Compound A had on P. gingivalis biofilm formation potential (Figure 
4.12B), after 1 d post-treatment, P. gingivalis treated with 500 and 1000 µg/mL formed more 
biofilm compared to the untreated control, indicating a biofilm inducing effect.  
 
Figure 4.12: Treatment of Each Red Complex Bacterium with Mirexus Compound A  
A/B: P. gingivalis diluted 1:100, C/D: T. denticola diluted 1:10, E/F: T. forsythia diluted 1:5, 
statically assayed (n=6). Concentrations of Compound A were 10, 100, 500 and 1000 µg/mL 
with control as each respective untreated Red Complex bacterium. Plates were incubated at 37 
°C over 5 d. Growth (panels A/C/D) was assessed using optical density at a wavelength of 600 
nm. Following the addition of crystal violet and acetic acid, biofilm formation (panels B/D/F) 
was assessed by absorbance at a wavelength of 600 nm.  
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However, across all concentrations tested of Compound A, P. gingivalis produced 
equivalent or less biofilm than the control most notably at the concentrations of 500 and 1000 
µg/mL (although in both treated and untreated conditions, the amount of biofilm produced was 
low, refer to Table 4.3) (Figure 4.12B).  
 Compound A had a similar effect on T. denticola growth (Figure 4.12C) and biofilm 
formation potential (Figure 4.12D), as observed with P. gingivalis. Note that growth achieved by 
T. denticola was less than the growth of P. gingivalis in monoculture, confirming the findings in 
Chapter 3 of the relative abundance of the Red Complex bacteria within the multiorganismal 
complex. For all concentrations of Compound A tested, T. denticola (Figure 4.12C) and T. 
forsythia (Figure 4.12E) growth  mimicked the growth of the control, displaying that overall,  
Compound A did not have antimicrobial effects on the Red Complex bacteria. Compound A also 
appeared to have no effect on T. denticola biofilm formation as any deviation of growth in 
response to treatment was within the margin of error. Interestingly, 1000 µg/mL of Compound A 
appeared to have a biofilm stimulatory effect on T. forsythia where moderate-high levels (refer to 
Table 4.3) of biofilm were generated by T. forsythia treated with 1000 µg/mL of Compound A 
(compared to low levels of biofilm  (refer to Table 4.3) produced by the untreated control), most 
notably, 3-4 d post-treatment (Figure 4.12F). Thus, T. forsythia was the Red Complex bacterium 
most influenced by Compound A, since a strong biofilm inducing effect was observed (Figure 
4.12).  
 When the Red Complex (co-cultured) was treated with Compound A, a similar trend of 
stimulation of growth as seen with P. gingivalis in Figure 4.12A, was observed 2 d post-
treatment of the Red Complex, where growth of the Red Complex treated with Compound A 
(across all concentrations tested) grew to higher OD values (OD ~ 2.5) than the control (OD ~2) 
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(Figure 4.13). This could indicate that the growth of P. gingivalis is overriding this experiment; 
by using RT-qPCR, the relative abundance of each Red Complex bacteria could be better 
understood. 
 
Figure 4.13: Treatment of the Red Complex with Mirexus Compound A  
P. gingivalis diluted 1:100, T. denticola diluted1:10, T. forsythia diluted 1:5, statically assayed 
(n=6). Concentrations of Compound A were 10, 100, 500 and 1000 µg/mL with control as 
untreated Red Complex (co-cultured). Plates were incubated at 37 °C over 5 d. A) Growth was 
assessed using optical density at a wavelength of 600 nm. B) Following the addition of crystal 
violet and acetic acid, biofilm formation was assessed by absorbance at a wavelength of 600 nm. 
 
 After 1 d of treatment with Compound A, in both the untreated/control and treated 
conditions, Red Complex biofilm was formed at low levels (A600 nm < 1, refer to Table 4.3) 
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(Figure 4.13B). However, after 2 d of treatment, Red Complex treated with 100 and 500 µg/mL 
produced more biofilm than the control, indicating that these concentrations induce biofilm to be 
formed by the Red Complex (Figure 4.13B). Also 2 d post-treatment, Red Complex treated with 
the highest concentration of Compound A (1000 µg/mL) had equivalent moderate amounts of 
biofilm formed (refer to Table 4.3), compared to the untreated control (Figure 4.13B). In general, 
across all days of experimentation, 10 µg/mL had a biofilm stimulatory effect (high levels of 
biofilm formation when treated with 10 µg/mL, compared to the moderate levels of biofilm 
produced by the untreated control) (refer to Table 4.3) (Figure 4.13B). In fact, 5 d post-treatment, 
all concentrations of Compound A tested, resulted in the Red Complex producing more biofilm 
(10, 100 µg/mL- high levels of biofilm, 500 and 1000 100 µg/mL- moderate levels of biofilm 
formation, refer to Table 4.3) than the control whereby, as the concentration of Compound A 
increased, the biofilm stimulatory effect decreased (Figure 4.13B). 
Therefore, Compound A could be considered a biofilm inducing compound, not suitable 
as an antimicrobial or anti-biofilm agent for the Red Complex at the concentrations tested. Based 
on the results of this research, if higher concentrations of Compound A were tested on the Red 
Complex, antimicrobial effects may be discovered. 
4.3.5.2 Mirexus Compound B 
Compound B from Mirexus, Inc. was proposed to be a more effective antimicrobial agent 
than Compound A, due to its charged nature. In the same manner that Compound A was tested 
on Red Complex bacteria individually and collectively (Figures 4.12 and 4.13), the results of 
Compound B are shown in Figures 4.14 (individually) and 4.15 (together). Similar to the slight 
stimulatory effects of Compound A (refer to Figure 4.12A), 500 and 1000 µg/mL of Compound 
B aided P. gingivalis growth slightly (inducing high levels of growth, compared to the moderate 
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growth of the control; refer to Table 4.3), especially 1 d post-treatment (Figure 4.14A). However, 
the overall growth of P. gingivalis treated with Compound B was moderate (refer to Table 4.3) 
and equivalent to the untreated control for the duration of experimentation (Figure 4.14A).  
 
Figure 4.14: Treatment of Each Red Complex Bacterium with Mirexus Compound B 
A/B: P. gingivalis diluted 1:100, C/D: T. denticola diluted 1:10, E/F: T. forsythia diluted 1:5, 
statically assayed (n=6). Concentrations of Compound B were 10, 100, 500 and 1000 µg/mL 
with control as each untreated Red Complex bacterium. Plates were incubated at 37 °C over 5 d. 
Growth (panels A/C/D) was assessed using optical density at a wavelength of 600 nm. Following 
the addition of crystal violet and acetic acid, biofilm formation (panels B/D/F) was assessed by 
absorbance at a wavelength of 600 nm. 
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When considering the biofilm produced by P. gingivalis after treatment with Compound 
B, all concentrations tested above 100 µg/mL were biofilm stimulatory in nature, in that more 
biofilm was produced by P. gingivalis under these conditions, compared to the control (Figure 
4.14B). At 10 µg/mL, the amount of P. gingivalis biofilm produced across treatment days was 
similar to the control levels (low levels of biofilm formed, refer to Table 4.3) (Figure 4.14B). 
In contrast, Compound B appeared to slightly inhibit T. denticola growth, where the 
higher concentrations corresponded to greater inhibition (Figure 4.14C). However, T. denticola 
growth in both the treated and untreated conditions grew to low levels (refer to Table 4.3) as 
expected based on findings in Chapter 3. In contrast, concentrations of Compound B at and 
above 100 µg/mL induced T. denticola to produce much more biofilm when compared to the 
control (Figure 4.14D). The increase in biofilm biomass when treated with Compound B was 
most pronounced 4 d post-treatment, where biofilm formed at concentrations at and above 100 
µg/mL, induced moderate levels of biofilm formation, compared to the low levels of biofilm 
produced by the control (refer to Table 4.3) (Figure 4.14D). However, at the lower concentration 
of 10 µg/mL of Compound B, biofilm biomass was equivalent to the low levels produced by the 
control (refer to Tabl3 4.3) (Figure 4.14D). 
 Finally, the effects of Compound B on T. forsythia growth (Figure 4.14E) and biofilm 
formation potential (Figure 4.14F), were very similar to that observed with T. denticola. With 
increasing concentration of Compound B, there was increased inhibition of T. forsythia growth, 
although the inhibition was minimal (OD < 0.6, refer to Table 4.3) (Figure 4.14E). Additionally, 
a biofilm inducing effect was present 4 d post-treatment, concentrations of 500 and 1000 µg/mL 
of Compound B were biofilm inducing (Figure 4.14F). T. forsythia treated with Compound B at 
lower concentrations (10 and 100 µg/mL) produced biofilm that was equivalent to control low 
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levels (refer to Table 4.3) (Figure 4.14F). Thus, Compound B was not found to be an effective 
antimicrobial agent for the Red Complex as it did not inhibit growth of the Red Complex and 
induced biofilm to be formed across most treatment concentrations, for each member of the Red 
Complex (Figure 4.14). As found previously (refer to section 4.3.2), a biofilm stimulatory effect 
was found when concentrations of the antimicrobial agent neared the inhibitory concentration. 
Possibly, if higher concentrations of Compound B were tested on the Red Complex, inhibition of 
growth and biofilm formation may be observed.  
When the Red Complex (co-cultured) was treated with Compound B and allowed to grow 
for up to 5 d, the growth remained very similar to that of the control over the 5 d period (Figure 
4.15A). Interestingly, the growth curve itself (Figure 4.15A), looked very similar to the growth 
curve of P. gingivalis when treated with Compound B (refer to Figure 4.14A). This could be 
indicative of the Red Complex biofilm consisting of mostly P. gingivalis, as was proposed and 
confirmed in Chapter 3 through RT-qPCR analysis. 
At a concentration of 500 µg/mL, Compound B inhibited Red Complex biofilm 
formation 2 d post-treatment (Figure 4.15B). Subsequently, 1000 µg/mL inhibited Red Complex 
bacterial biofilm formation 3 d post-treatment, which is interesting since at a lower concentration 
of Compound B, biofilm formation was eliminated 1 d prior (Figure 4.15B). In contrast, 2 d post-
treatment, 10 µg/mL of Compound B was slightly inhibitory to Red Complex bacterial biofilm 
formation, but as treatment time progressed, this concentration resulted in high levels of Red 
Complex biofilm formation after 4 d, compared to the low levels produced by the control (refer 
to Table 4.3) (Figure 4.15B). 
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Figure 4.15: Treatment of the Red Complex with Mirexus Compound B  
P. gingivalis diluted 1:100, T. denticola diluted1:10, T. forsythia diluted 1:5, statically assayed 
(n=6). Concentrations of Compound B were 10, 100, 500 and 1000 µg/mL with control of 
untreated Red Complex bacteria. Plates were incubated at 37 °C over 5 d. A) Growth was 
assessed using optical density at a wavelength of 600 nm. B) Following the addition of crystal 
violet and acetic acid, biofilm formation was assessed by absorbance at a wavelength of 600 nm. 
 
 Therefore, when the Red Complex was co-cultured and treated with Compound B, 
biofilm inhibitory effects were observed (Figure 4.15B), contrasted to the biofilm stimulatory 
effects noted for the individually cultured Red Complex bacteria (Figure 4.14B).  
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4.3.5.3 Mirexus Compound C 
Similar to Compound B, Compound C from Mirexus, Inc. was proposed to be an 
effective antimicrobial agent due to its polar, charged nature. The general growth trend was that 
with increasing concentrations of Compound C, Red Complex growth was increasingly 
inhibited, compared to the control (Figure 4.16A). As a result of treatment, the three lowest 
concentrations of Compound C (50, 100 and 200 µg/mL) took 3 d to grow to OD values 
comparable to the control, and as the concentration increased, inhibition of growth also increased 
(Figure 4.16A). When the Red Complex bacteria were treated with 400 and 600 µg/mL of 
Compound C, inhibition of growth was increased, compared to the lower concentrations (Figure 
4.16A). At 400 and 600 µg/mL, there was a lag period of growth for 2 d and afterwards, it took 4 
and 5 d respectively for growth to reach control levels (Figure 4.16A). The Red Complex treated 
with 800 µg/mL of Compound C had an even longer lag period for growth where, after 4 d, 
growth of the Red Complex bacteria resolved to moderate levels but did not reach the high 
growth levels of the control (refer to Table 4.3) (Figure 4.16A). 
At higher concentrations, when Red Complex bacteria were treated with 1000 and 1200 
µg/mL of Compound C, the Red Complex was able to grow but only to an OD of about 0.5 after 
1 d and growth remained stationary across the 5 d of experimentation (Figure 4.16A). 
Interestingly, Red Complex bacteria treated with 1200 µg/mL grew at a slightly higher OD than 
1000 µg/mL, indicating that 1000 µg/mL was more inhibitory in nature to the Red Complex 
bacteria (Figure 4.16A). A similar effect (where a lower concentration of antimicrobial produced 
a more pronounced inhibitory effect than higher concentrations) was observed previously, for 
SNP (refer to section 4.3.4) and it was concluded that higher concentrations should be tested to 
determine a MIC. 
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Figure 4.16: Treatment of the Red Complex with Mirexus Compound C  
P. gingivalis diluted 1:100, T. denticola diluted1:10, T. forsythia diluted 1:5, statically assayed 
(n=6). Concentrations of Compound C were 10, 100, 500 and 1000 µg/mL with control of 
untreated Red Complex bacteria. Plates were incubated at 37 °C over 5 d. A) Growth was 
assessed using optical density at a wavelength of 600 nm. B) Following the addition of crystal 
violet and acetic acid, biofilm formation was assessed by absorbance at a wavelength of 600 nm. 
 
The effects of Compound C on Red Complex bacterial biofilm formation potential are 
displayed in Figure 4.16B. After 1 d of treatment with Compound C, Red Complex bacteria 
produced very low levels of biofilm (refer to Table 4.3) when exposed to concentrations above 
200 µg/mL (Figure 4.16B). In contrast, 50 µg/mL of Compound C appeared to induce biofilm 
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formation such that the levels of biofilm produced by Red Complex bacteria in response to this 
concentration absorbed at higher levels than the control, indicating more biofilm was generated 
(Figure 4.16B). Also, 1 d post-treatment, Red Complex bacteria treated with 100 and 200 µg/mL 
of Compound C produced equivalent biofilm levels as the control (Figure 4.16B). However, 2 d 
post-treatment and continuing for the rest of experimentation (for concentrations up to and 
including 600 µg/mL), a biofilm inducing effect was observed, where more biofilm was formed 
by bacteria that received treatment compared to the control. At the two highest concentrations 
(1000 and 1200 µg/mL) of Compound C, inhibition of biofilm formation was observed after 2 
and 3 days, respectively (Figure 4.16B).  
However, after 5 d, a biofilm inducing effect was observed at a concentration of 800 
µg/mL, indicating that the Red Complex bacteria were susceptible to 800 µg/mL of Compound 
C after 4 d of exposure but produced enough biofilm after 5 d, to protect against potentially 
detrimental effects (Figure 4.16B). Red Complex bacterial resistance could have been observed 5 
d after treatment with 800 µg/mL of Compound C, similar to the resistance B. subtilis displayed 
in response to subinhibitory concentrations of thiopeptide antibiotics (Bleich et al., 2015). 
Thus, when considering which of the Mirexus, Inc. compounds could be put into oral 
hygiene products as an antimicrobial component to prevent the onset of periodontitis, Compound 
C was found to be the most effective. Compound C, like the other Mirexus compounds tested, 
did not entirely inhibit the growth of Red Complex bacteria but at concentrations of 1000 and 
1200 µg/mL, it was effective at arresting growth of the Red Complex. Another aspect to consider 
is the finding that all Mirexus compounds seemed to aid growth and biofilm formation of the 
Red Complex bacteria at some point during experimentation. Perhaps the Red Complex bacteria 
were able to metabolize portions of the compound and use it as an energy source for growth or as 
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a structural component involved in the generation of the biofilm matrix, since baseline data 
generated in this research indicated that within the concentration ranges tested, Red Complex 
bacteria were able to grow and produce biofilms at low levels (refer to Table 4.3 and Figure 
4.16). 
Additionally, compounds B and C were both effective at concentrations of 1000 µg/mL 
at preventing Red Complex bacterial biofilm formation after prolonged exposure (up to 5 d). 
Further research would need to be done over longer periods of time to see if these anti-biofilm 
effects persist after prolonged use, however, these results are noteworthy since they provide 
information on the efficacy of these compounds after 5 d use.  
4.3.6 Comparison of Preventative Treatments 
The summarized static treatment assays with the concentrations of treatments that were 
found to influence on Red Complex bacterial growth 2 d post-treatment, and biofilm formation 5 
d-post treatment are displayed in Figure 4.17 and 4.18, respectively. Note that in both figures, the 
control consisted of Red Complex (co-cultured) that was left untreated. The summarized data 
were taken from experimental days, determined by static assay, to display the most consistent 
effects of treatment, across treatment types (2 d post-treatment for growth and 5 d and post-
treatment for biofilm). 
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Figure 4.17: Summary of Effects of Treatments on Red Complex Bacterial Growth 2 d Post-
treatment 
Treatment concentrations were found to influence Red Complex co-cultured growth in static 
assays and control was the untreated co-cultured Red Complex bacteria (n=6). 
 
 Static treatment of Red Complex bacteria with 100 µg/mL of sodium fluoride, 14 mg/mL 
of sodium bicarbonate and 0.075% (v/v) of hydrogen peroxide were the most effective inhibitors 
of Red Complex bacterial growth (Figure 4.17). Thus, if these concentrations of antimicrobial 
treatments were used in oral hygiene products, such as toothpaste and mouthwash, they may be 
effective at preventing the growth of periodontal pathogens (the Red Complex). However, 
clinical testing would need to be done to see if the effects found in vitro are still effective in vivo. 
At a concentration of 1.2 mg/mL, Compound C from Mirexus, Inc. was also found to be an 
effective inhibitor of Red Complex bacterial growth, although more testing should be done to 
determine a concentration that fully inhibits the growth of the Red Complex (Figure 4.17).  
 The treatments that were moderately effective at inhibiting Red Complex bacterial 
growth; SNP and Mirexus, Inc. Compound B (Figure 4.17). Both SNP and Compound B were 
not as inhibitory as compounds already found in oral hygiene products, such as sodium fluoride, 
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sodium bicarbonate and hydrogen peroxide. Finally, Compound A did not affect Red Complex 
bacterial growth, however Compound A induced biofilm formation (Figure 4.18), compared to 
the control and should not be included in an oral hygiene product as it could aid in the 
attachment of pathogenic Red Complex bacteria to the periodontal pocket and increase the 
severity of periodontal disease (Leszczynska et al., 2011). 
 
Figure 4.18: Summary of Effects of Treatments on Red Complex Bacterial Biofilm Formation  
5 d Post-treatment 
Treatment concentrations were found to influence Red Complex bacterial biofilm formation in 
static assays and control was the untreated Red Complex bacterial biofilm (n=6). 
 
 Effective inhibitors for Red Complex bacterial biofilm were found to be 100 µg/mL of 
sodium fluoride, 14 mg/mL of sodium bicarbonate, 0.075% (v/v) of hydrogen peroxide, 1 
mg/mL of Mirexus Compound B and 1.2 mg/mL of Mirexus Compound C (Figure 4.18). These 
results confirm that compounds already existing in oral hygiene products, such as sodium 
fluoride, sodium bicarbonate and hydrogen peroxide could be more effective at preventing 
pathogens (the Red Complex bacteria) from establishing in a host due to the inability to form 
biofilms, if the concentrations of treatments are altered.  
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 4.3.7 Denaturing Gradient Gel Electrophoresis 
 DGGE was performed to address portions of objectives two and three, where the 
microbial composition of the Red Complex bacteria was to be assessed both prior to (objective 
2) and after treatment with various antimicrobials (objective 3). DGGE involved running product 
from the Universal-DGGE PCR on a polyacrylamide gel of 40-65% (w/v) denaturant to separate 
amplified DNA based on G:C content rather than fragment length, as a means to develop a 
structural profile for the Red Complex (Green et al., 2010) 
A baseline DGGE was run with amplified Red Complex DNA to establish a baseline 
structural profile for the Red Complex (Figure 4.19A). As shown in lanes 2-4, product with 
roughly the same G:C content was present in all lanes, as bands migrated to the same position 
and there were multiple bands per lane (Figure 4.19A). This result was not expected as each Red 
Complex bacterium (T. forsythia in lane 2, T. denticola in lane 3 and P. gingivalis in lane 4) 
should have only yielded one band per lane, one per organism. Additionally, since the bands 
migrated to the same position on the gel, this would indicate that each organism has the same 
G:C content in their 16S rRNA genes (Green et al., 2010). However, since the 16S rRNA genes 
have not been sequenced for the three Red Complex bacteria, it is not yet possible to determine 
how similar the G:C content is between the Red Complex bacteria. 
In lane 4, there are two prominent bands close to the top of the gel and both align with 
bands indicated in the DNA ladder (the first and third bands) and in lane 5 (Figure 4.19A). Since 
RT-qPCR analysis of Red Complex bacterial biofilm revealed that P. gingivalis was the most 
abundant Red Complex bacterium, the large band in lane 5 could indicate the prevalence of P. 
gingivalis (Figure 4.19A). Consequently, the large band observed in lanes 2-4 would indicate T. 
forsythia or T. denticola correspond with the prominent band (matching the third band in the 
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DNA ladder) (Figure 4.19A). Thus, when assessing Figure 4.19B, the bands present could be 
indicative of T. forsythia or T. denticola, rather than P. gingivalis since the band for P. gingivalis 
may migrate less. 
 
Figure 4.19: DGGE Analysis of the Red Complex in Untreated and Treated Conditions 
DGGE analysis of the Red Complex in A) untreated and B) treated conditions. A) Lanes 1 & 6: 
11 organism DNA ladders, Lane 2: T. forsythia, Lane 3: T. denticola, Lane 4: P. gingivalis and 
Lane 5: Red complex day 5 biofilm. B) Lanes 1 & 9: 11 organism DNA ladder, Lanes 2-6: 11.5-
13.5 mg/mL NaHCO3, Lanes 7-8: 5-10 µg/mL NaF, Lanes 10-13: 25-100 µg/mL of NaF, Lanes 
14-17: 0.01-0.075% (v/v) H2O2. 
 
 Additionally, DGGE was run with DGGE products (extracted from co-cultured Red 
Complex bacteria) from three different treatments (lanes 2-6: 11.5-13.5 mg/mL NaHCO3, lanes 
7-8 & 10-13: 5-100 µg/mL NaF and lanes 14-17: 0.01-0.075% (v/v) H2O2) (Figure 4.19B). In 
this gel, only one band was present per treatment lane and bands present corresponded to 
concentrations of treatments that were below the inhibitory concentrations (previously 
established through static assay, refer to sections 4.3.1-4.3.3). For example, in lanes 2 and 3, 
11.5-12 mg/mL of NaHCO3 have a band present, which indicates the presence of Red Complex 
A B 
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bacteria, while lanes 4-6 do not have bands which could indicate the increased inhibition of 
growth noted in static assays (section 4.3.2) (Figure 4.19B).  
Additionally, the DNA smear above the gel for the NaF amplified DNA (lanes 7-8, 10-
11) confirmed the inhibitory results seen previously as Red Complex bacteria treated with 100 
µg/mL, did not produce a band in lane 13 (refer to section 4.3.1) (Figure 4.19B). Finally, lanes 
14-17 where H2O2 treated Red Complex bacterial DGGE product was run, confirmed the results 
of the static assay performed where 0.05 and 0.075% (v/v) were the inhibitory concentrations 
observed for Red Complex bacterial growth (refer to section 4.3.3), and no band was present in 
lanes 16 and 17 (Figure 4.19B). Since no band was present in lanes 16 and 17, it can be assumed 
that no Red Complex bacterial DNA was amplified (to the detectable limit for DGGE), which 
was assumed to be a result of the inhibition of Red Complex growth (Figure 4.19B). 
Also, it should be noted that the position of the bands in Figure 4.19B were the same as 
the most prominent band in lanes 2-4 in Figure 4.19A. This could indicate that the bands 
corresponding to T. forsythia and T. denticola migrated to the same position in the gel and that 
for each corresponding treatment, the most prominent Red Complex bacteria (found previously 
through RT-qPCR analysis) would show up as a band on the DGGE gel. If this were the case, 
then based on the RT-qPCR data generated from this research (refer to sections 4.3.1-4.3.3), in 
lanes 2-6, any band present could be T. forsythia, since T. forsythia had the highest abundance of 
the Red Complex bacteria when treated with NaHCO3 (refer to section 4.3.2). In lanes 7-8 & 10-
13, a band could indicate the presence of T. denticola, since T. denticola was the most abundant 
Red Complex bacterium when treated with NaF (refer to section 4.3.1) and in lanes 14-17, a 
band would indicate any of the Red Complex bacteria as the RT-qPCR results for treatment with 
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H2O2 did not display one bacterium within the Red Complex as more abundant than the others 
(refer to section 4.3.3).  
4.4 Summary and Conclusions  
 Thus, the culture-based technique of performing static assays to assess the effects of 
treatment with antimicrobials and anti-biofilm agents, on Red Complex bacterial growth and 
biofilm formation potential were effective. Novel treatments such as Mirexus Compounds B and 
C, and the establishment of concentrations of existing preventative treatments, such as sodium 
fluoride, sodium bicarbonate and hydrogen peroxide, may be used as preventative treatments for 
periodontal disease (by preventing the onset). Since Red Complex bacterial growth and biofilm 
formation potential were inhibited with these treatments, objective two was successfully 
accomplished. Future culture-based work should involve the replication of static assays with 
treatment in a dynamic setting, such as the BioFlux 200 system (refer to Appendix A3) to 
broaden the understanding of the antimicrobial and anti-biofilm forming nature of these 
compounds. 
In objective two, baseline structural profiles of the Red Complex bacteria were 
established, in order to quantify the Red Complex bacteria within the multiorganismal biofilm. 
As previously shown, RT-qPCR was successfully used to quantify the relative abundance of each 
member of the Red Complex within the multiorganismal biofilm (Chapter 3). Additionally, 
DGGE was run and a baseline structural profile for the Red Complex was established. With 
increased optimization of DGGE conditions, an improved structural profile of the Red Complex 
can be established. 
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In objective three, RT-qPCR and DGGE were used to assess the effects of treatment on 
the Red Complex bacteria as a community. Treatments used on Red Complex bacteria indirectly 
addressed the factors outlined in objective three; pH, oxidative stress and inflammation. Thus, 
objective three was accomplished successfully and future work could involve the testing of 
additional compounds that address these factors (cytokines, oxygen donors and other 
antimicrobials found in oral hygiene products) and quantifying the shifts in the Red Complex 
bacterial structural profile. 
Chapter 5: Mature Biofilm Response to Antimicrobial Treatments 
5.1 Overview 
 Although preventing the onset of periodontal disease is a very important aspect of 
conquering the widespread effects of periodontitis worldwide, more targeted treatments should 
be aimed at treating the estimated 2.4 billion people who suffer from the disease (Kassebaum et 
al., 2015). As was previously discussed, it is the Red Complex bacterial biofilm that is the agent 
of pathogenesis, leading to inflammation, tissue damage and progression of periodontal disease 
to worsened forms (Darveau, 2010; Hajishengallis, 2014; Lenz et al., 2016; Takahashi, 2015). 
Thus, by targeting a mature Red Complex biofilm and inducing dispersal of the biofilm, novel 
treatments for periodontal disease can be established. 
 One obstacle that needs to be overcome when establishing biofilm dispersal with an 
antimicrobial compound, is the ability to penetrate the biofilm (Algburi et al., 2017). Often, the 
antimicrobial agent is not able to penetrate the EPS-rich matrix, leaving the bacteria producing 
the biofilm unaffected and the host (if the biofilm is inside a human host) more susceptible to 
antibiotic resistance (Algburi et al., 2017). Thus, when targeting Red Complex bacterial biofilms 
with antimicrobial agents found in mouthwashes and toothpastes, penetration of the biofilm and 
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subsequent biofilm dispersal were assessed spectrophotometrically to determine antimicrobial 
efficacy. If an antimicrobial compound was found to be effective, a novel treatment for 
periodontal disease could be established.  
5.2 Methodological Approach 
 Using the three compounds most commonly found in oral hygiene products (NaF, 
NaHCO3 and H2O2), concentrations were selected for each treatment based on the results of 
static treatment assays done on Red Complex bacteria (refer to section 4.3.1-4.4.3). In this set of 
experiments, static assays were performed similar to the methods outlined previously (refer to 
Section 2.3.2.1), however instead, of applying a treatment when inoculating the bacteria into 
microtiter plates, treatments were added after the establishment of the Red Complex 
multiorganismal biofilm in microtiter plates. For NaF and H2O2, this involved treating biofilms 
after 5 d of inoculation of the Red Complex, while for NaHCO3, biofilms were treated 3 d after 
inoculation. These time ranges were selected based on the starting OD600 nm of the culture, for 
NaF and H2O2 trials, the Red Complex bacteria started at a lower OD than the Red Complex 
treated with NaHCO3. The rest of the protocol outlined in section 2.3.2.1 was followed where a 
crystal violet assay was performed on microtiter plates at varying time points after treatment (for 
up to 48 h). 48 h was selected as the end point of experimentation, as preliminary 
experimentation (refer to Appendix A1) showed decreased Red Complex viability after 
prolonged experimentation (> 7 d). Red Complex bacterial growth and biofilm formation was 
based on growth curves generated by C. Bartlett, MSc and T. Brenner, MSc (Table 5.1). 
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Table 5.1: Estimated ranges of Red Complex bacterial growth and biofilm formation partially 
based on data generated spectrophotometrically from growth curves and initial biofilm assays 
done by C. Bartlett and T. Brenner 
 Degree of Growth (OD600 nm) Degree of Biofilm Formed (A600 nm) 
Low Moderate High Low Moderate High 
P. gingivalis < 0.6 0.6-1.5 > 1.5 < 0.8 0.8-2.5 > 2.5 
T. denticola < 0.2 0.2-0.8 > 0.8 < 0.2 0.2-1.5 > 1.5 
T. forsythia < 0.2 0.2-0.8 > 0.8 < 0.2 0.2-1.5 > 1.5 
Red 
Complex (P. 
gingivalis, T. 
denticola, T. 
forsythia) 
< 0.6 0.6-1.5 > 1.5 < 1 1-2.5 > 2.5 
 
 The concentrations of stock solution and treatment concentrations (diluted from the 
stock) of NaF, NaHCO3 and H2O2 applied to Red Complex bacterial biofilms are displayed in 
Table 5.2. Note that for NaHCO3, the individual stock solutions were made and were applied to 
the Red Complex bacterial biofilms as the concentrations tested were too high to make one stock 
solution to be diluted (since NaHCO3 became a paste at 25 mg/mL). Also, the total volume 
within microtiter plate wells was 250 µL, and evaporation was accounted for when applying 
treatments to biofilms. 
Table 5.2: Concentrations of oral hygiene compounds used to treat Red Complex biofilms 
Treatment 
Compound 
Stock Concentration 
of Treatment 
Concentration of Treatment Applied to 
Biofilm 
Related 
Figures 
NaF 6.25 mg/mL 50, 100, 250, 350, 500, 750, 1000 µg/mL 5.1 
NaHCO3 Same as those applied 
to biofilms 
8, 9, 10, 11, 12, 13, 14, 15 mg/mL 5.2 
H2O2 20% (v/v) 0.1, 0.5, 1, 1.5, 2, 2.5, 3, 3.5% (v/v) 5.3 
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5.3 Results and Discussion 
 5.3.1 Treatment of Mature Biofilm with Sodium Fluoride 
Treatment of Red Complex bacterial biofilm with various previously established 
concentrations of NaF was performed to assess its effects on cell density (Figure 5.1A) and 
biofilm biomass (Figure 5.1B). After 12 h of treatment with NaF, the cell density decreased, 
 
Figure 5.1: Treatment of Mature Red Complex Bacterial Biofilm with Sodium Fluoride. 
Concentrations of sodium fluoride were 50, 100, 250, 350, 500, 750, and 1000 µg/mL with the 
control of untreated Red Complex bacterial biofilm (n= 6) over 48 h. A) cell density and B) 
biofilm biomass were assessed both prior to and after crystal violet staining of the biofilm. 
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compared to the untreated control (Figure 5.1A). This decrease in OD600 nm after 12 h was 
consistent across all concentrations, with increasing concentrations revealing a slightly greater 
decrease in density at 48 h post-treatment, which could be attributed to bacterial cell death, or co-
aggregation of the Red Complex bacteria as biofilm was produced in response to treatment with 
NaF.  
Concentrations of 50 and 100 µg/mL appeared to be slightly effective at dispersing or not 
inducing Red Complex bacterial biofilm as there was generally less biofilm biomass present over 
the 48 hours of experimentation, when compared to the control (Figure 5.1B). When 
concentrations of NaF were above 100 µg/mL, initially NaF appeared to be effective at 
dispersing biofilm for up to 3 h post-treatment as less biofilm was present under treatment 
conditions, compared to the control. However, after 3 h of treatment, the initial effects of NaF at 
concentrations greater than 100 µg/mL began to diminish as bacterial biofilm eventually returned 
to comparable levels as the control after 48 h post-treatment (Figure 5.1B). This result could 
suggest that this range of concentrations was too low to induce biofilm dispersal as the Red 
Complex bacteria were able to restore biofilm 48 h after treatment. Thus, concentrations of NaF 
higher than 1000 µg/mL should be tested to see if they are effective at dispersing Red Complex 
bacterial biofilms. 
5.3.2 Treatment of Mature Biofilm with Sodium Bicarbonate 
 There was an apparent stimulation in cell density when treated with NaHCO3, compared 
to the control after just 1 h of treatment (Figure 5.2A). This stimulation lasted for the duration of 
experimentation and was presumed to be correlated with an increase in biofilm biomass (Figure 
5.2B). In fact, there was more biofilm present when treated with NaHCO3, compared to the 
control, especially after 12 h and for the duration of the experiment (Figure 5.2B). However, 
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there were some time points and concentrations that did not follow this trend. For example, at 6 h 
post-treatment there was a large decrease (A600 nm went from high levels to moderate, refer to 
Table 5.1) in biofilm biomass in comparison to all other time points (Figure 5.2B).  
 
Figure 5.2: Treatment of Mature Red Complex Bacterial Biofilm with Sodium Bicarbonate 
Concentrations of sodium bicarbonate ranged from 8-15 mg/mL with the control of untreated 
Red Complex bacterial biofilm (n= 6) over 48 h. A) cell density and B) biofilm biomass were 
assessed both prior to and after crystal violet staining of the biofilm. 
 
 Additionally, some concentrations of NaHCO3 appeared to be less stimulatory at one 
time point but not at an adjacent time point (Figure 5.2B). An example of this was the three 
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lowest concentrations of NaHCO3 (8, 9 and 10 mg/mL). At 24 h post-treatment, there was a large 
decrease in biofilm biomass observed (moderate levels of biofilm biomass were present 
following treatment with 8, 9 and 10 mg/mL), compared to the high levels of control biofilm 
(refer to Table 5.1) (Figure 5.2B). However, at 48 h post-treatment, these concentrations 
corresponded to equivalent biofilm levels as the control. This could mean that the bacterial 
biofilm was susceptible to 8-10 mg/mL of NaHCO3 after 24 h of exposure and between 24 and 
48 h, more biofilm was produced by the affected bacteria, resulting in an increase in biofilm 
biomass at 48 h (Figure 5.2B). Also, this result shows that biofilm production rebounded 
effectively following treatment at 48 h, which is a significant finding since it could imply that 
treatment of infected periodontal pockets would need to take place every 24 h, to effectively 
disperse Red Complex biofilms. Carvalho and colleagues (2018) recently showed that bacteria 
that are not inhibited by antimicrobials directly are able to persist and aid in recovery responses 
of bacterial biofilms (Carvalho et al., 2018). Therefore, some Red Complex bacteria may not 
have been susceptible to concentrations of NaHCO3, allowing for persistence and eventual 
recovery of biofilm formation. 
 5.3.3 Treatment of Mature Biofilm with Hydrogen Peroxide 
 When considering the trend for cell density over 48 h post-treatment with H2O2, note that 
across all concentrations tested, the cell density decreased with time (Figure 5.3A). Interestingly, 
concentrations ranging from 0.1-1% (v/v) of H2O2 had the lowest OD600 nm values consistently 
between 3-48 h post-treatment (Figure 5.3A), but instead of corresponding to lower biofilm 
biomass (as was the case for sodium bicarbonate treatment), the lower OD values were 
correlated with much higher biofilm biomasses than the control (Figure 5.3B). The biofilm 
inducing effect displayed for concentrations between 0.1-1% (v/v) of H2O2, suggests that in this 
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case, the decrease in cell density was due to co-aggregation of bacteria and the increased 
production of biofilm, as early as 1 h post-treatment (Figure 5.3B).  
 
Figure 5.3: Treatment of Mature Red Complex Bacterial Biofilm with Hydrogen Peroxide 
Concentrations of hydrogen peroxide were 0.1, 0.5, 1, 1.5, 2, 2.5, 3 and 3.5% (v/v) with the 
control of untreated Red Complex bacterial biofilm (n= 6) over 48 h. A) cell density and B) 
biofilm biomass were assessed both prior to and after crystal violet staining of the biofilm. 
 
One explanation for the increase in biofilm production observed between 0.1-1% (v/v) of 
H2O2, is a bacterial stress response occurring when H2O2 penetrates through the biofilm, 
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resulting in increased biofilm production as a protection mechanism. This is the classic 
antimicrobial stress response, where persisting bacteria (those not susceptible to treatment with 
H2O2 in this case), generate more biofilm to protect from additional antimicrobial effects 
(Carvalho et al., 2018). 
 In contrast, there were consistently high OD values for Red Complex bacterial biofilms 
treated with 2-3.5% (v/v) H2O2 until 24 h post-treatment, while a decrease in cell density 
(moderate – low levels, refer to Table 5.1) was observed for the rest of the experiment. This 
result is contrasted to the biofilm biomass (Figure 5.3B) generated by Red Complex bacterial 
biofilms treated with 2-3.5% (v/v) H2O2, as the biofilm biomass was consistently lower than the 
control over the 48 h period, except for at 6 and 48 hours where levels were similar to the 
control.  
 Therefore, 0.1-1% (v/v) of H2O2 were found to enhance formation of the Red Complex 
biofilm, in comparison to the control and would not be considered effective at these 
concentrations of H2O2 for treating established periodontal disease. As noted previously, an 
increase in Red Complex bacterial biofilm biomass in vivo could correspond to the worsening of 
periodontal disease (Darveau, 2010; Hajishengallis, 2014; Lenz et al., 2016; Takahashi, 2015). 
Thus, enhanced Red Complex biofilm formation, following treatment with 0.1-1% (v/v) of H2O2 
could lead to the worsening of periodontal disease, and thus, these treatment concentrations 
should not be used as a treatment for periodontal disease.  Also, 3.5% (v/v) H2O2 could be used 
as a treatment for Red Complex bacterial biofilms associated with a host with pre-existing 
periodontal disease, however, based on our data, H2O2 would need to be reapplied to the infected 
area within the periodontal pocket more than once per day (less than 12 h apart) for effective 
biofilm dispersal. 
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5.4 Summary and Conclusions 
 All three compounds tested (NaF, NaHCO3 and H2O2) on Red Complex bacterial 
biofilms have the capacity to be effective biofilm dispersal agents, however, more in vitro 
experimentation would need to be done to better elucidate which concentrations would be most 
effective. Thus, novel treatments for existing periodontitis were not fully discovered through this 
research, although 3.5% (v/v) H2O2 was found to be an effective biofilm dispersing agent that 
would need to be applied to infected areas often if used in a clinical setting. However, this 
research does help to understand the effects of treatment with antimicrobials found in oral 
hygiene products on Red Complex bacterial biofilms and could be used as a baseline for future 
work as no previous work has been done testing NaF, NaHCO3 and H2O2 on Red Complex 
bacterial biofilms. 
 Additionally, future work could include the use of a dynamic system that better mimics 
the natural oral microenvironment, such as the Bioflux 200 system (refer to Appendix A3). By 
applying a shear force which induces Red Complex bacteria to disperse from the biofilm in a 
system that allows for constant flow of nutrients, the effects of in vivo antimicrobial treatments 
could be better simulated. 
Chapter 6: Overall Conclusions and Future Work 
6.1 Overall Conclusions 
 Overall, this research expanded the current understanding of the Red Complex bacteria 
by investigating both growth and biofilm formation dynamics with and without the addition of 
treatment with antimicrobial agents. Since little previous work had been done with the focus of 
addressing the effect of treatment on the growth and biofilm formation potential of the Red 
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Complex bacteria. This research provided novel information that could help treat periodontal 
disease in a more targeted fashion from both a preventative and mature biofilm dispersal 
perspective. Additionally, with the completion of each objective, novel conclusions could be 
made that provided a deeper understanding of the Red Complex bacteria.  
6.1.1 Conclusions Related to Objective One: 
The goal of this research was to assess the Red Complex bacteria and their biofilms to 
better understand how treatment for periodontal disease can be more targeted. The goal of 
objective one was to grow the Red Complex bacteria in a multiorganismal media (OBGM) and 
establish a growth assay, such that the co-cultured Red Complex bacterial biofilm could be 
quantified in objective two. 
By completing objective one, novel protocols were developed to allow for optimal 
multiorganismal growth of the Red Complex bacteria when statically co-cultured and also allows 
the quantification of the amount of biofilm generated through an adapted approach to the 
standard crystal violet assay protocol (O’Toole et al., 2000; Narita et al., 2014). The 
optimization of the growth of the Red Complex bacteria in the multiorganismal media (OBGM) 
from previously established protocols was an accomplishment that allowed for effective 
downstream experimentation with all members of the complex. By successfully co-culturing and 
diluting the bacteria in a standardized manner, growth of all three organisms within the Red 
Complex were successfully assessed, leading to results that lend themselves better to 
applications in vivo than individual bacterial assessments in isolation would provide. 
Another aspect of the novel growth approach involved the use of round bottom, 
Sarstedt® 96-well microtiter plates and did not require the addition of an adhesive compound, 
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such as saliva, to aid in bacterial attachment as the Red Complex bacteria were able to 
sufficiently attach to the polystyrene surface of the wells in the round bottom microplates. Thus, 
downstream experimentation, such as studying biofilm formation and the effects of treatments 
and use of molecular techniques, were made possible through the novel approach taken to grow 
the Red Complex bacteria. 
6.1.2 Conclusions Related to Objective Two: 
Objective two addressed the need for a deeper understanding of the structural profile of 
the Red Complex bacteria, through the use of RT-qPCR and DGGE. Following the optimization 
of the growth assay, an optimized biofilm assay protocol was successfully developed which was 
crucial to the completion of objectives two and three. The optimized biofilm assay involved 
adapting a gentler approach to the handling of biofilm, prior to and after the addition of crystal 
violet. Experimentally, by aspirating planktonic cells from the wells containing biofilm and the 
use of 1X PBS to remove residual planktonic cells from the wells, biofilms remained intact and 
could be stained effectively. This allowed biofilm to be quantified in ways such that the effects 
of treatment on biofilm formation and dispersal (addressed in objective three) could be assessed. 
Standard curves were also successfully generated for all three Red Complex bacteria, 
which could be used in the future for more absolute quantification in RT-qPCR analysis. The 
generation of qPCR standard curves also allowed for relative quantification of the Red Complex 
bacteria within the multiorganismal biofilm. Results of relative quantification by RT-qPCR 
showed that P. gingivalis was the most abundant in the multiorganismal biofilm, followed by T. 
denticola and T. forsythia, respectively, which confirmed the results of static growth assays 
previously performed. 
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6.1.3 Conclusions Related to Objective Three: 
In objective three, the effects of treatment with various antimicrobials on the Red 
Complex were assessed quantitatively, to understand which treatments could be used to prevent 
the onset or progression of periodontal disease. The use of static treatment assays uncovered that 
specific concentrations of common oral hygiene products, such as sodium fluoride, sodium 
bicarbonate and hydrogen peroxide were effective at preventing both Red Complex bacterial 
growth as well as biofilm formation. These inhibitory concentrations (MIC and MBEC) were 
100 µg/mL of sodium fluoride, 14 mg/mL of sodium bicarbonate and 0.050% (v/v) of hydrogen 
peroxide. Also, through the use of static treatment assays, it was found that Compound C tested 
for Mirexus, Inc. was also effective at preventing Red Complex bacterial growth and biofilm 
formation. At a concentration 1.2 mg/mL of Compound C was effective at decreasing Red 
Complex growth and biofilm formation, statically.  
Some treatments tested were found to aid in Red Complex bacterial growth (Mirexus 
Compound A) or stimulate biofilm formation (Mirexus Compound A and SNP), statically. Thus, 
Mirexus Compound A and SNP should not be used in oral hygiene products as they could aid in 
the proliferation and pathogenicity of the Red Complex. 
Additionally, the effects of treatments tested statically, were verified through RT-qPCR 
and partially through the use of DGGE. By using RT-qPCR on Red Complex bacterial biofilms 
generated after treatment with sodium fluoride, sodium bicarbonate and hydrogen peroxide, 
changes in the microbial population within the Red Complex were observed. Results of DGGE 
also verified the results observed statically, however, more experimentation would be necessary 
to confirm and better establish the initial trends observed. 
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6.2 Future Work 
 There are many recommendations that could be made for future work as there were many 
aspects within this research that could be expanded upon. Action taken on some of these 
recommendations would allow for a broader understanding of the Red Complex bacteria and 
their involvement in periodontal disease. 
1. Replication of static treatment assays in a dynamic setting (using the BioFlux™ 200 
system) to investigate how each treatment tested in this research affects the Red Complex 
bacteria in a setting that better mimics the oral environment (an environment with shear 
force, changes in nutrient availability, etc.). The dynamic assays performed should 
include the treatment of Red Complex bacteria prior to the formation of biofilm and once 
biofilm has been established. 
2. Treatment of the Red Complex with additional antimicrobial compounds and anti-biofilm 
agents found in common oral hygiene products, both statically and dynamically, to assess 
the efficacy of treatments and establish other novel treatments for periodontal disease. 
These treatments could include xylitol, sorbitol, thymol and triclosan. 
3. Replication of RT-qPCR results using qPCR standard curves generated for each Red 
Complex bacterium within Red Complex biofilms over time. Using the standard curves 
would enable absolute quantification to take place, where gene copy numbers could be 
established for each Red Complex bacterium and the proportion of each bacteria within 
the Red Complex could be better established. Quantify the individual members bacterial 
population within the biofilm over multiple days prior to and after treatment with 
antimicrobials to assess shifts in the structural profile. 
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4. In this research, only one combinatorial approach (checkerboard assay) to treatment of 
Red Complex bacteria was performed (refer to Figure A5). In the future, these results 
could be replicated to verify the trends noted. Additionally, treatments should be done in 
combination, as well as individually since oral hygiene products and other preventative 
treatments for periodontal disease involve the use of more than one antimicrobial agent. 
5. DGGE should be replicated the using DNA extracted from the Red Complex bacteria and 
the multiorganismal biofilm since the banding patterns observed in this research were not 
conclusive and DGGE could be replicated with the 11 organism DNA ladder generated to 
ensure that proper band migration and separation has taken place. 
6. Since abiotic reduction of the tetrazolium dye within Biolog™ GN2 microplates was 
observed after the Red Complex bacteria were inoculated, new plates should be found 
that do not contain this dye. One recommendation is to use plates that lack a dye and use 
OD to assess if the bacteria were able to grow in the presence of a particular nutrient 
source. CLPP is a valuable tool that aids in establishment of a functional fingerprint for a 
bacterial community and would help to understand in more depth which metabolic 
properties the Red Complex bacteria express. 
7. In addition to the analysis of the Red Complex bacteria, it would be beneficial to perform 
experimentation with other oral pathogens involved in periodontal disease, such as those 
found in neighbouring microbial complexes (i.e. Orange and Yellow Complexes) and the 
newly proposed periodontal pathogen (Candidatus Bacteroides periocalifornicus) 
(Socransky et al., 1998; Torres et al., 2019). By expanding the number of bacterial 
species studied, a better understanding of periodontal disease from a microbial 
community perspective, can be established. 
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Chapter 7: The Integrative Nature of this Research 
 This research was integrative by nature in that it was part of a larger research project that 
encompassed a network of many scientists across the province of Ontario, each with their own 
specific research area, yet all on the same project. Researchers for the University of Toronto 
were involved in the isolation of the Red Complex bacteria from patients with periodontal 
disease, while researchers at McMaster University were involved in extensive chemical and 
antimicrobial testing to assess which are the most effective. Additionally, researchers at Wilfrid 
Laurier University focused on the structural characterization of Red Complex genes involved in 
virulence and biofilm formation, structural characterization of the Red Complex biofilm and the 
testing of antimicrobials in dynamic settings. Thus, with the vast network of researchers involved 
in the study of the Red Complex and their association with periodontal disease, many levels of 
biological organization were addressed in this research project; from nucleic acids and proteins 
to bacterial cells to organized cells within a biofilm. 
 This research was also integrative because it involved approaching microbiology from 
different perspectives. The main perspective used to assess the Red Complex was an ecological 
microbiological perspective, where the Red Complex was analyzed as a bacterial community that 
is surviving in a particular environment (the oral cavity) and experiences many different 
environmental stressors (e.g. changes in pH, shear force, nutrient and oxygen availability, 
antimicrobial exposure). Another perspective used to assess the Red Complex was a medical 
microbiological perspective where the Red Complex and the associated biofilm was considered 
as a target for antimicrobial therapy. Thus, from a medical microbiological perspective, the 
efficacy of treatments was assessed on the basis of how effective a treatment was at eliminating 
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the Red Complex bacteria. Because of the varying perspectives used to analyze the Red 
Complex, a novel and expanded understanding of the Red Complex bacteria was achieved. 
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APPENDIX A 
Appendix A1: Growth Curves and Preliminary Growth/Biofilm Dynamics of the Red 
Complex Bacteria 
 
Figure A1: Growth Curves for Red Complex Bacteria Generated by Research Technician 
Christopher Bartlett, MSc 
A) P. gingivalis, B) T. denticola, C) T. forsythia and D) Red Complex (P. gingivalis, T. denticola 
and T. forsythia together) were inoculated into 500 mL of OBGM and optical density readings at 
600 nm were taken at various time points until death phase was observed (n=1). 
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Figure A2: Growth and Biofilm Biomass 7 d After Inoculation of Red Complex Bacteria in 
OBGM, performed by Research Technician Thomas Brenner, MSc 
The x-axis is numbered with corresponding combinations of the Red Complex bacteria (1-3: 
individual bacteria, 3-6: two bacterial species and 7: Red Complex bacteria together). Different 
coloured bars correspond to either suspended growth (blue) or biofilm (red) measured 
spectrophotometrically at 600 nm. 
 
Appendix A2: Community-Level Physiological Profiling 
In an attempt to establish the functional profile of the Red Complex bacteria and their 
specific metabolisms, Biolog™ GN2 microplates were used for Community-Level Physiological 
Profiling (CLPP) (Weber and Legge, 2010). GN2 plates are 96-well microtiter plates containing 
95 unique carbon sources, that Gram Negative bacteria could metabolize and a negative control 
well containing water (Weber and Legge, 2010). Once the bacteria inoculated into the GN2 plate 
metabolized a carbon source, NADH is produced from bacterial cellular respiration which 
reduces the tetrazolium dye (Weber and Legge, 2010). The reduction of tetrazolium dye results 
in a colour change from colourless to purple which can be detected using a spectrophotometer at 
a wavelength of 590 nm (Weber and Legge, 2010). However, when performing CLPP with 
anaerobic bacteria, abiotic compounds, such as hydrogen sulfide (H2S) produced as a by-product 
of metabolism, reduce the tetrazolium dye, causing a false positive result (Bhupathiraju et al., 
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1999). Abiotic reduction of tetrazolium dye is indicated by the GN2 plate turning purple, 
including the negative control well which does not contain a carbon source (Bhupathiraju et al., 
1999). Unfortunately, abiotic reduction of the tetrazolium dye was observed for all three Red 
Complex organisms, as they all produce H2S as a by-product of metabolism (Dashper, et al., 
2011; Papova et al., 2013; Nakamura et al., 2018; Chen et al., 2010). This resulted in 
abandoning CLPP until Biolog™ microplates can be found without the tetrazolium dye. 
Appendix A3: The Dynamic Biofilm Assay 
Since the static biofilm assay was limited in its physiological relevance, using dynamic 
assays to mimic the natural oral environment is important to expand the understanding of how 
Red Complex bacteria form biofilms. Using the Bioflux™ 200 system (Fluxion Biosciences, 
Alameda, CA) a shear force, similar to that present in the oral cavity, was applied to Red 
Complex bacterial biofilms as they were forming to allow fresh nutrients to be accessible to 
bacteria as they formed biofilms.  
The Red Complex bacterial biofilms that formed were monitored in real time using a 
Nikon ECLIPSE Ti Inverted Microscope (Nikon Inc, Tokya, Japan). The plates used in the 
dynamic assays were BioFlux™ 200 48-well high shear plates (910-0033), where up to 24 
parallel assays could be performed (Figure A3). In each of the 24 assays within the plate, an inlet 
and outlet well were connected through a series of microfluidic channels that contain a viewing 
window in between. The viewing channel allowed for visualization of Red Complex bacterial 
biofilm formation, using microscopy. 
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Figure A3: Fluxion Biosciences 48-well Microplate High Shear Rate for Bioflux™ 200 System, 
where 24 Dynamic Assays are run in Parallel 
(Fluxion Biosciences). Each assay contained an inlet and outlet well attached through 
microfluidic channels, with a shared viewing window. 
 
To accomplish the dynamic assays using the Bioflux™ system, an anaerobic gas tank 
containing the same mixture as the anaerobic chamber was attached to the controller, allowing 
for the assay to be conducted under anaerobic conditions. Prior to experimentation, the system 
was purged for at least two hours which involved allowing anaerobic gas to flow through the 
system at a shear flow rate of 2 dyne/cm2. Once the BioFlux™ 200 system was purged, bacterial 
cultures were grown as stated previously and human saliva was collected, filter-sterilized and 
allowed to deoxygenate in the anaerobic chamber for 28-24 h, experimentation took place. First, 
under anaerobic conditions, 100 µL of 25% (v/v) sterile saliva (diluted 1:4 with 1X PBS) was 
transferred into each inlet well of the plate, ensuring that no bubbles were present in the plate. 
The plate was then removed from the chamber and attached to the BioFlux™ 200 where a shear 
flow rate of 1 dyne/cm2 was applied for 5 min, from the inlet well to the outlet well. Applying 
this shear force caused the saliva to flow from the outlet well, through the microfluidic channels 
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within the plate and into the outlet well. This primed the viewing window located between the 
inlet and outlet wells to improve the adherence of Red Complex bacteria to the plate. 
After the 5 min, the plate was disassembled from the BioFlux™ controller and returned 
to the anaerobic chamber. 60 µL of inoculum (Red Complex bacteria) was then added to the 
outlet well.  The plate was then be removed from the anaerobic chamber and attached to the 
BioFlux™ 200 controller, where for 5 s, a shear flow rate of 2 dyne/cm2 was applied to each 
outlet well (the flow was from outlet to inlet). This short amount of shear force caused the 
bacteria to enter the viewing window and adhere to the primed saliva surface, without allowing 
the bacteria to enter the inlet well. After, the plate was returned to the anaerobic chamber, where 
it was incubated at 37 °C for 3-4 h to allow bacteria to begin to adhere to the saliva-coated 
surface of the plate, in the viewing window, without exposing the bacteria to shear force 
immediately. After incubation, 1 mL of OBGM was transferred into each inlet well. The plate 
was then removed from the anaerobic chamber and attached to the BioFlux™ 200 system. Next, 
the plate was placed on a 37 °C heating plate and a shear flow rate of 0.15-0.2 dyne/cm2 was 
applied to each inlet well. This allowed fresh media to constantly flow over the bacterial biofilms 
beginning to form, at a slow rate (mimicking that of the flow rate in the periodontal pocket). At 
intervals of 6 and 12 h for up to 72 hours, the plate was removed from the heating pad and placed 
on the microscope where biofilms were observed. Images and videos were taken at 100X and 
400X magnifications, to allow for the entire cross section of the viewing window to be observed.  
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Appendix A4: qPCR Standard and Melt Curves for Each Red Complex Bacterium 
 
Figure A4: qPCR Standard Curve and Melt Curve for P. gingivalis 
qPCR A) standard curve and B) melt curve generated for P. gingivalis displaying the relationship 
between amount of DNA by number of gene copies and threshold cycle (n=3, only one replicate 
is shown). P. gingivalis DNA was serially diluted by 6 orders of magnitude and qPCR standard 
and melt curves were generated using SsoFast™ EvaGreen® qPCR kit. 
 
 
Figure A5: qPCR Standard Curve and Melt Curve for T. denticola 
qPCR A) standard curve and B) melt curve generated for T. denticola displaying the relationship 
between amount of DNA by number of gene copies and threshold cycle (n=3, only one replicate 
is shown). T. denticola DNA was serially diluted by 6 orders of magnitude and qPCR standard 
and melt curves were generated using SsoFast™ EvaGreen® qPCR kit. 
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Figure A6: qPCR Standard Curve and Melt Curve for T. forsythia 
qPCR A) standard curve and B) melt curve generated for T. forsythia displaying the relationship 
between amount of DNA by number of gene copies and threshold cycle (n=3, only one replicate 
is shown). T. forsythia DNA was serially diluted by 6 orders of magnitude and qPCR standard 
and melt curves were generated using SsoFast™ EvaGreen® qPCR kit. 
 
Appendix A5: Checkerboard Assay of Red Complex Bacteria Treated with Sodium 
Fluoride and Mirexus Compound B 
 
Figure A7: Checkerboard Assay of Red Complex Bacterial Treated with Sodium Fluoride and 
Mirexus Compound B 
Growth on 1 d post-treatment of Red Complex bacteria (P. gingivalis 1:100, T. denticola 1:10, T. 
forsythia 1:5) with Mirexus Compound B and sodium fluoride. Concentrations of treatments 
Mirexus Compound B were 100, 250, 500, 1000, 3000, 5000 µg/mL and sodium fluoride 
concentrations were 5, 10, 25, 35, 50, 75, 100, 150 µg/mL (n=1 for experimental wells, n=6 for 
control wells). Heatmap colouration indicates that the darker the shade of blue, the more growth 
occurred where growth was assessed through spectrophotometry at 600 nm.  
